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RESEARCH PROGRAM PLAN 


(OBJECTIVES 

1 . Technological assessment of ribbon growth Of silicon by 

O : _ _ _ 

a capillary action shaping technique. 

* 

2. Economic evaluation of ribbon silicon grown by a capil- 
lary action shaping technique as low-cost silicon# 

• ' ' -• . .... . \ 

SYNOPSIS OF PROGRAM OF STUDY 


1. Crystal growth of silicon ribbons. 


2. Characterization of silicon ribbons. 


3. Economic evaluations and computer-aided simulation of 
ribbon growth. 
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HIGHLIGHTS 


o Ribbon silicon produced by CAST yields 11. 9X solar cell 
efficiency. 

o CAST ribbons up to 95 mm wide and 0.3 mm thick were 
produced. 

o CAST technology - Single ribbon , 100 mm wide ribbon, 
0.3 mm thick, 3.8 m/hr growth rate, solar cell 

efficiency 13& - has the potential to meet a $50/m 2 

target. This is based upon the availability of $ 10/kg 
polycrystalline silicon. 


\ 




ACHIEVEMENTS 

Ribbon Growth and Characterization 

' r V O ' 

o 123 meters (41,527 cm ) of uniform-width silicon ribbon 
were grown. 

o Ribbon width capability was increased from 10 mm to 95 
nun. 

2 

o Sic surface particle density was decreased from 5/cm 
to < 4 x 10”^/cm 2 through CAST high melt meniscus 
growth and use of SiC-coated graphite dies. 

o A Growth technique for silicon tubes of 6 mm diameter x 
1 m length was developed. 

o Maximum growth rate equations for ribbons were devised. 

o A new technique for thermal geometry control utilizing 
multiple inert gas streams was developed. 

o The effect of die channel design on dopant distribution 
was demonstrated. 


The reuse of quartz crucibles through four melt-down 
cycles was demonstrated; 

A system for 1 00 mm wide ribbon growth was designed and 
implemented. 

Crack-free directional solidification of 5 cm diameter 
silicon ingots in carbon crucibles was achieved. 

Four classes of ribbon perfection were defined. These 
perfection categories coordinate with lifetime ranges 
and efficiency ranges of solar cells. 

Electrical activity measurements of crystallographic 
defects in ribbons were made through the SEM EBIC 
techniques using Schottky contacts and p-n junction for 
EBIC contrast. 

Quantitative "electrical activity" measurements of line 
defects in ribbons were made through carrier diffusion 
length measurements. Dislocations were shown to 
decrease minority-carrier lifetime by one to two orders 
of magnitude. 


Surface films on ribbon surfaces were analyzed as Sic 
crystallites. Significant structural differences, 
depending on deposition location, were found. 

Epitaxial growth of Sic through preferential 
incorporation of (111) Sic planes parallel to (111) 
silicon planes was identified as an important mechanism 
for surface film formation. 

Electrically active defects in CAST ribbons were 
identified as silicon carbide inclusions, high and low 
angle grain boundaries high order twins boundaries, 
multiple stacking faults, dislocation bands and 
dislocations. 

- f " ' ' 

The electrical activity of grown- in dislocations due to 
their low density was shown to be moderate. It was 
also shown that grown- in dislocations are generated by 
thermal gradients associated with the growth technique. 
Their density varies from 3 x 10 3 to 5 x 10 s per cm 2 . 

Dislocation bands with densities larger than 10 6 
dislocations/cm 2 were shown to be strongly active. The 
bands consist of two groups of dislocations. One group 
is inclined towards the ribbon surface, while the other 




is almost parallel to ribbon surface in the growth 
direction. Both groups of dislocations have the same 
type of Burgers vectors, a/2 [Oil] and a/2 [101]. 
Dislocation networks are formed through the interaction 
of the two dislocations which leads to the formation of 
90° dislocations. 

Grain boundaries were also shown to be strongly active. 
Their formation results mainly from foreign inclusions 
such as silicon carbide or from the non-accommodation 
of crystal lattice planes. Such non-accommodation of 
crystal lattices occurs when two crystals of different 
preferred orientation, such as [011] and [211] 
orientations, join. The boundaries contain 
dislocations and/or ledges which are spaced 
approximately 0.1 ym apart. 

First order (coherent) twins and stacking faults were 
shown to be nonactive. Their electrical activity in- 
creases as they degenerate into multiple overlapping 
faults and low-angle boundaries. The low-angle 
boundaries contain a high density of dislocations. The 
dislocation spacing ranges from 0.1 to 0.4 ym with an 
average of 0.2 ym. Degenerated twins act as disloc 
ation sources 9 



General Economic Outlook : 

o Silicon technology has the potential for achieving 
future low-cost material objectives for photovoltaic 
applications. For single ribbon growth a 1986 sheet 
price of $50/m^ is projected. 

Based upon recent significant achievements (e.g., 10 cm 

2 

wide ribbon; > 1155 efficient cell), $50/m silicon 

sheet price can be obtained with CAST technology 
without further scientific breakthrough. 

Technology Development Guidelines s 

Polycrystalline Silicon 

o Low-cost polycrystalline silicon of semiconductor-grade 
quality, at $10/kg, is a prerequisite to achieving 1986 
sheet material targets. 

Ribbon Technology 
2 

$25/m silicon ribbon by 1986 requires some technology 
advances. A set of technology requirements has been 


o 


defined, which results in ribbon prices ranging from 
% 1 3/m^ to $30/m^. ■ ' 

o Since our ribbon geometry objectives (10 cm wide, 0.3 
mm thick) have been achieved, short-range technology 
development should focus on improving material quality 
(long-range objective: 13K cell efficiency) and 

increasing growth rate (objective: 3.8 m/hr) . 

o Single-ribbon growth systems offer a good potential for 
achieving low-cost silicon sheet material within the 
shortest period of time. 

o Ribbon thickness is a relatively insignificant factor 
in determining energy-capacity cost. A thickness 
compatible with efficient solar-cell processing in the 
range of 0.3 to 0.4 mm should be selected. 
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I CRYSTAL GROWTH 
by 

T. P. Ciszek 
1.0 INTRODUCTION 


The crystal-growth method under investigation is a capillary 

I ' : , 

action shaping technique. Meniscus shaping for the 
desired ribbon geometry occurs at the vertex of a wettable 
die. As ribbon growth depletes the melt meniscus, capillary 
action supplies replacement material. The configuration of 
the technique used in our initial studies is shown in Fig. 
Ifl and is similar to the edge-defined, film-fed growth 
(EFG) process described by LaBelle^V. The crystal -growth 
method has been applied to silicon ribbons for several 
years ' ' . As our work on silicon ribbon growth has 

progressed, we have found that substantial improvements in 
ribbon surface quality could be achieved with a higher melt 
meniscus than that attainable with the EFG technique. Thus, 
in our later work we have abandoned the EFG technique in 
favor of the improved capillary action shaping technique, 
which employs the capillary die design shown in Fig. 1-1. 


Crystal Growth 









Fig. I- 1. Capillary Die Design. 



It represents a departure from the die types used for 
edge-defined, film-fed growth, in that the bounding edges of 
the die top are not parallel or concentric with the growing 
ribbon. The new dies allow a higher central melt meniscus 
(Fig. 1-2) with concomitant improvements in surface 
smoothness and freedom from Sic surface particles, which can 
degrade perfection. 
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Fig. I -2. CAST High Melt Meniscus Growth 

Our objective in this work has been to attain a clear 
technological assessment of silicon ribbon growth by the 
capillary action shaping technique and to enhance the 
applicability of the technique to photovoltaic power device 
material. 


Crystal Growth 



The results of our crystal growth studies will be presented 
in the following categories: 

- Growth of 25 nun wide silicon ribbons 
Growth of 38 nun wide silicon ribbons 

- Growth of 50 nun wide silicon ribbons 

f - Growth of 100 nun wide silicon ribbons 

2.0 GROWTH OF 25 MM WIDE SILICON RIBBONS 

At the onset of contract work, equipment and expertise 
existed for growing 12 nun wide silicon ribbons. Initial 
technician training was conducted at this width on the 
available equipment. This equipment was modified as 
required during the course of the contract. 

2 . 1 Description of Experimental Apparatus 

Silicon ribbon growth was conducted using a hydraulically 
actuated pulling mechanism with a 1.37 m maximum stroke. A 
i pressurized air-over-oil reservoir system provided the 

driving force for actuation of the moving platen upon which 
the seed holding shaft was attached. X-Y-Z adjustment was 
provided for the seed shaft. Platen speed adjustment was 
attained via a needle valve in the oil flow line between the 
hydraulic cylinder and the oil reservoir tank. The crystal 


'" r " • ' 




I 

I 
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growth furnace and associated vacuum system were supported 
on the frame of the hydraulic puller as shown in Fig. 1-3. 
The furnace was powered by a 50-kW, 45-kc-rf generator. 

The furnace consisted of a single-walled 94-mm-diameter 
silica shell with water-cooled stainless-steel end fittings 
sealed by viton O-rings. The top fitting could be either 
completely sealed (for vacuum bake-out of dies and furnace 
components) or provided with an oval cross section pull port 
through which the growing ribbon passed. The bottom fitting 

V 

connected the shell to a horizontal base on one arm of a 
"tee" fitting. A horizontal sliding plate on an X-Y-0 stage 
was mounted on the opposite arm of the "tee." This plate 
held the pedestal shaft upon which the crucible assembly 
rested. The plate also supported an optical temperature 
Sensor which was focused on the bottom of the crucible 
holder and was part of the closed-loop temperature control 
system. The third arm of the "tee" was used for evacuation 
and as a purge gas inlet. 
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The furnace hot zone is depicted in Fig. 1-4 . All interior I 

: : :• ■ 

Components are graphite except the opaque heat shield and j 

the clear quartz crucible. A 50-mm-OD x 25-mm-high | 

■ ' ■ i 

flat-bottomed crucible was used. The EFG die design j 

depicted in Fig. 1-5 was used for our initial experiments and j 

■ ’ * ; v •: - \ . ■ ' ■ - ^ ^ : ^ ' . ■ 1 

... . : \ ^ V . i':; 1 .'/: ■ ' -V . : ‘ • . ■ ■ i 
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operator training. The dies were fabricated from Poco 
DFP-3-2 graphite. For the initial growth attempts, the dies 
were typically 12.5 mm wide. The capillary slot dimension 
was 0.26 mm, and the die top thickness was 0.5 mm. 

2.2 Growth Procedure 

The graphite die and hot-zone components were baked out at 
1500°C for one hour in vacuum prior to use. After bake-out, 
the quartz crucible was loaded with approximately 50 gms of 
undoped silicon. 

P-type doping was achieved using a boron/silicon alloy 
powder of 1.1 parts per thousand concentration as the 
source. 2.5 x 10“** grams of source per gram of silicon was 
put into the crucible with the silicon charge. The target 
resistivity was 2 fl-cm. 

Growth was conducted in an argon ambient. After the silicon 
Charge had melted, growth was initiated by touching a 
3-mm-wide x 0 . 4-mm-thick silicon seed to the melt at the die 
top. A short portion of the seed was melted back, and then 
the pulling speed was gradually increased and the 
temperature adjusted to first neck the growth to a width 

■' " - ... ■ j) ■ • . .... •’ ' ' . - . 

less than that of the seed and then widen the growing ribbon 
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to 


full width. 


toMHMsff .tj 



to full width. A brief description of the growth 
experiments during the operator training period, and in fact 
for all growth experiments performed during the course of 
the contract, may be found in Appendix I. 





Early in the contract, a few experiments were conducted with 
silicon tube growth. Since a tube can be considered to be 
an "edge-less” ribbon, its growth allows a study of the 
relationship between growth rate and thickness which is 
independent of width. The growth procedure for tubes was 
similar to that for ribbons, and the stages of initiating 
growth are depicted in Fig. 1-6. Details of this work may 
be found in reference 5. 



After the ribbon or tube reached the desired length, growth 
was terminated by increasing temperature and pulling speed 


to separate the shaped crystal from the liquid meniscus at 
the die-top. By reseeding, several pulls could be made from 
the same charge. At the end of the day, the die was 

salvaged by freezing a seed crystal to the die top and using 
it to pull the die assembly (die, holder, shields) free from 
the liquid in the crucible. Although the frozen silicon 
within the die frequently cracked upon cooling, the die 
itself was typically crack-free. 

2*3 Die Material Investigations 

High-density graphite fulfills the durability and wettabil- 
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Stages in the growth of a silicon tube; (a) Seeding, 

(b) Circumferential spreading by temperature reduction 
and pulling rate increase, (c) Further spreading by 
temperature reduction, (d) Closed, equilibrium growth. 
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ity requirements of a die v ' and has been used to date for 
most silicon ribbon growth; it is not, however, completely 
non-reactive. Good crystallographic perfection has been 
achieved on small ribbon segments' ' , but the structure of 
large ribbons is marred by planar, line and point defects, 
as well as surface irregularities. These problems are 
thought to be at least partially related to the die 
material ; hence a brief study of some non-graphite die 
materials was conducted. 


2.3.1 


Materials Investigated 


The potential die materials listed in Table 1-1 were tested 
under actual ribbon growth conditions. Hot pressed "high 
purity" A 1 B.J 2 * T * B 2 ' ZrB 2 r Al^C^, B 4 C * an< * Si^N^ were 
obtained from Atomergic Chemetals Co., a division of 
Gallard-Schleisinger Chemical Mfg. Corp. The materials were 
obtained in the form of rectangular blocks 3 x 10 x 30 mm in 

■ . j • . ...... ■ ■ • ’ ’ • 

size. No binder was used in hot pressing. Purity levels 
were 99-99. 9%, densities were about 90% of theoretical 
densities and the starting powder particle size was 
typically 2-5 jam, according to the manufacturer. Vitreous 
carbon was also obtained from Atomergic Chemetals Co. , in 
the form of 2 mm thick plates, with properties as shown in 
Table 1-2. Two sources of silicon carbide were used. One 
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TABLE 1-1 . Die Material Evaluation 


Material 


1 

Aluminum Boride 
Titanium Boride 


Zirconium Boride Yes 


2 

Aluminum Carbide 


Boron Carbide 

Silicon Carbide 

; 

SiN bonded SiC 
Vitreous Carbon 
Graphite (dense) 
Boron nitride 
Silicon nitride 


Capillary 

Rise 



Durable In 
Molten Si 

Ribbon 

Growth 


— 

No 

Short ribbons 

(dissolves) 


No 

Short ribbons 

(dissolves) 



— 

Yes 

Long ribbons 

Yes 

Long ribbons 

somewhat 

None 

Yes 

Long ribbons 

Yes 

Long ribbons 

Yes 

None 

Yes 

None 


Vapor pressure too high at 1412 C 
Decomposed and crumbled during storage 

Evidence of surface wetting, but no rise in capillary slot, 


was Crystar silicon carbide from Norton Industrial Ceramics 
Division, the other was KT silicon carbide from the 
Carborundum Company. A silicon nitride-bonded silicon 
carbide was also obtained from Carborundum. The 
manufacturers data for these three materials is given in 
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CHEMICAL CHARACTERISTICS 

Maximum operating temperature 
Apparent density 
Apparent porosity (no absorption 
of oil and mercury) 

Permeability to gas; at normal 
temperature at 2,500 o C 
Ash content 
Sulphur content 
Boron content 

Oxidation resistance at 600°C 
1 at 800°C 

MECHANICAL PROPERTIES 

Transverse breaking strength 

Compressive strength 

Shore hardness if 

Hardness Mohs' scale 

Vickers micro-hardness (30 kgm) 

Young's modulus 

THERMAL PROPERTIES 

Coefficient of thermal expansion; at 

at 

Thermal Conductivity 
Resistance to thermal shock 
Air quenching acceptable from... 
to room temperature 

ELECTRICAL PROPERTIES 

Electrical Resistivity 


>2 , 500°C t 

1.50 to 1.55 g/cni 
0 

better than 10~ 8 cm^/s 
approx. 10"^cm^/s 
0.0051 (50 ppm) 

<50 ppm 
<2 ppm 0 
0 . 1 mg/cm^/h 
2 mg/cm^/h 


600 to 800 mg/cm' 1 
1 ,500-2 , 000 kg/cm ^ 
120-125 
6-7 

150-175 2 

2,200 kg/min 


100°C 3.2 x 10 _ ® per °C 

650°C 3,5 x 10* 6 per °C 

0.06 cal/cm/s/°C 

2 , 500°C 


4,500 microhm/cm 





Table 1-3. The Crystar material is nominally 9 9 ?5 pure 

j recrystallized silicon carbide, with Ti, Cr, Co, V, and A1 

as typical metallic impurities. Purity levels of the 
carborundum materials are not known at this time. Pyrolytic 
boron nitride was also investigated. 

2.3.2 Die Fabrication and Evaluation 

Dies were fabricated from all materials except aluminum 

carbide, which had crumbled during storage, and boron 

nitride. The dies were made as shown in Fig. 1-5. They 

were 9.5 mm wide with a 0.76 top thickness and a .56 mm 

capillary slot thickness. All machining was done with 180 

grjit diamond wheels. No serious machining problems were 

encountered, except that vitreous carbon and silicon 

nitride-bonded silicon carbide chipped easily. Slow 

machining rates were necessary on silicon carbide and boron 

carbide to avoid chipping. After machining, the dies were 

baked out in vacuum at 1500-1600°C for one hour. The AlB^ 

die outgassed severely during bakeout and the temperature 

could not be raised above 1400°C without causing the 

—4 

pressure to rise above 2 x 10 Torr. This die was 
considerably erroded and broke after bake-out. The Si^N^ 
die was a light tan color - the others were grayish to 
black. 
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KT Silicon Carbide 


Apparent specific 
gravity (g/cm 3 ) 

Working temperature 
Inert atmosphere 
Oxidizing atmosphere 

Modulus of rupture, 
psi 

Modulus of elasticity, 
psi 

Compressive strength, 
psi 

Tensile strength, psi 

Thermal conductivity 
BTU in/hr ft 2 F° 


Thermal coefficient of 
expansion > 

in/in/°F x 10 

Mean specific heat 

Spectral emissivity at 
1 600°F 


3.10 


4200 U F max. 
3000°F max. 

22,800 (2200°F) 


56 x 10J ( 7 0°F ) 

51 x 10 b (2200°F) 

150,000 (70°F) 


20,650 (7 Or) 

720 ( 1 1 40°F mean temp) 
465 (1574°F mean temp) 
250 (2086°F mean temp) 
174 (2292°F mean temp) 

94 (2782°F mean temp) 

1.88 (70°-800°F) 

2.60 (70°-1800°F) 

2.80 (70°-2500°F) 

.31 (70°-2800°F) 


Permeability 


Impermeable 


i ->sicy 


REF PAX Silicon 
nitride-bonded 
Silicon Carbide 


3200°F max. 

3200°F max. 

5000-7000 (250 0°F ) 10,000-22,000 (2730°E 


17 x 10 6 (70°F) 30 x 10 6 


20,000 (70°F) 100,000 


3000-3500 (70°F) 

113.5 (2200°F) 180 (1000°F) 

165 ( 1 500°F) 
! 145 (2 300°F) 
' 135 (2900°F) 


1.8 (70°-400°F) 2.7 (70°-2600°F) 

2.6 ( 70°-2500°F) 


.29 (70°-2500°F) .35 2 3000°F 

.9 


Negligible 





The growth procedure described in section 2.2 was used in 
attempting ribbon growth with the new materials. If the die 
did not fill with liquid silicon, the system temperature was 
increased considerably above normal levels to attempt to 
encourage melt rise. If melt rise occurred, crystal 
growth was attempted. After the growth attempts, the dies 
were visually checked for durability in molten Si. The 
appearance of the various die bottoms, where contact with 
molten Si took place, is shown in Fig. 1-7. In the case of 
boron nitride, the capillary rise check was made by placing 
silicon in a boron nitride crucible with a slotted wall, and 
melting the silicon. Brief descriptions of the experiments 
appear in Appendix I, runs 50805-50826 and 60208-60302. 

2.3.3 Results 


The results of the evaluation are summarized in Table 1-1 . 

For the particular forms of the die materials used here, 
only boron carbide, KT silicon carbide, Crystar silicon 
carbide, vitreous carbon, and of course, high density 
graphite were adequately wettable and durable to allow the 
growth of long ribbons (> 0.5 m). In addition, TiB 2 and 
ZrB 2 allowed short ribbon growth, but the dies suffered 
acute dissolution as can be seen in Fig. 1-7 (a, b) . The 
ribbons grown from experimental die materials are pictured 
in Fig. 1-8 . 
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Vitreous Carbon 


Die bottoms after contact with molten 
silicon for more than two hours 
(sheet 4 of 5). 
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Si^N^ bonded SiC, and Si^N^ were durable, but showed no sign 
of capillary rise although surface wetting appeared to occur 
at the die bottom (Fig. 1-7 (e,h)). Since the results on 
hot-pressed Si^N^ were somewhat encouraging, wetting of 
silicon on CVD Si^N^ was tested. The CVD sample was a 
segment from a cylindrical crucible wall. The radius of 
curvature (in only one dimension) was 4 cm, and the segment 
thickness was 1.1 mm. The Si^N^ segment was degreased, 
etched in HF for 2 min. , and rinsed. An etched silicon 
chip of 0.078 g weight was placed on the Si^N^ and heated to 
the silicon melting point under an argon ambient. The 
droplet was allowed to remain molten for several minutes and 
then was solidified. The droplet and substrate were then 
sectioned and etched to reveal the interface and contact 
angle; a close-up of one edge appears in Fig. 1-9. The 
observed contact angle is 23°. The partial wetting 
behavior indicates that capillary rise should occur with CVD 
Si^Njj. While the main body of the droplet had the contact 
angle described above, a thin film of silicon spread on the 
Si^Ny ahead of the main body. 

Pyrolitic boron nitride showed no sign of wetting or 
capillary rise, although it was not appreciably attacked by 
liquid silicon (Fig. 1-7 (j) ) . 



25X) of one edge of frozen droplet 
i-rN, substrate. 
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In Fig. 1-10, 10X photomicrographs of ribbon surfaces 15 cm 
from the seed attachment point are shown for the die 
materials which yielded long ribbons. The strong surface 
morphology features with the B^C die are probably a result 
of excessive boron pick up. Wetting and capillary rise were 
excellent with this die. See Fig. 1-7 (c) . The ribbon 
resistivity was approximately 0.004 fi-cm. The surface was 
very clean, however. A thick surface film was present on 
the ribbon grown from the vitreous carbon die. In later 
stages of growth, numerous surface particles were trapped in 
the ribbon as occurred with early graphite dies. The melt 
and wetted region near the die bottom were very clean with 
vitreous carbon (Fig. 1-7 (g) ) , and similar to the appearance 
of graphite die bottoms (Fig. 1-7 (i) ) . Vitreous carbon is 
also a promising material for use as a crucible both for 
ribbon growth and for directional solidification (see 
section 6) . The ribbons grown from silicon carbide dies 
were quite free of surface particles in the early stages of 
growth as indicated in Figs. 1-10 (c and d) , and some large 
single crystal regions were seen. Later in growth, these 
ribbons also incorporated surface particles, but at a low 
density. For comparison, an old ribbon grown from a 
graphite die of similar design is shown in Fig. 1-11. 
Because this material showed the most promise of those which 
were tried, dies for 25-mm-wide ribbon growth were 
fabricated from Carborundum Company KT silicon carbide. 
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10X photomicrographs of ribbon surfaces 15 cm 
from seed attachment: (a) B.C die, ribbon 
50811, (b) Vitreous carbon die, ribbon 
50S25, (c) Crystar SiC die, ribbon 50805, 

(d) KT SiC die, ribbon 50809. 





OWGTNAt 
OE EOOR 


PAU& » 
qUAUTY 


10X photomicrograph of a ribbon surface 
15 cm from seed attachment; graphite die 
ribbon 50407. Several surface troughs 
caused by SiC particles are visible. 
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Several ribbons 0.5 m long x 25 mm wide were successfully 
grown from this die material. In each growth attempt, it 
was observed that liquid silicon entered the region between 
the die and the die holder. While the cause has not been 
uniquely determined, we speculate that the die material 
itself is acting as a wick for the silicon melt. The melt 
in contact with the graphite die holder may tend to 
contaminate the remaining melt with carbon, obscuring the 
dissolution behavior of the SiC die. 

A distinct difference in the morphology of silicon carbide 
particle formation at the die top was seen between graphite 
and silicon carbide dies. In the case of graphite dies, 
individual yellow 3-SiC crystals form at the top and sides. 
With the KT silicon carbide dies, a dense, continuous film 
of SiC tends to grow from the carbon-saturated silicon melt 
near the the die top. When the die is first used, this film 
does not interfere appreciably with the Si ribbon 

growth. The initial ribbon perfection (both with KT SiC 
and with Crystar SiC) can be quite good. As ribbon growth 
progresses, however, the SiC film also grows and, at some 
stage, begins to break loose from the die top in clumps, 
which are then incorporated in the ribbon and disturb its 
perfection. An example is shown in Fig. 1-12. The 

frequency of this occurrence is similar to that of SiC 
crystallite incorporation with grahite dies , and the 
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appearance of the grown ribbons is not too different from 
that of ribbons grown with graphite dies (Fig. 1-13) . 

Further progress was possible with dies of pure, dense 
silicon carbide grown by CVD on graphite substrates, and the 
wetting between the die and the die holder was prevented 
(This work was done with 50 mm wide ribbons. See section 
4.3.) 




In summary, of the materials studied, only SiC, graphite, 
vitreous carbon, and CVD Si^N^ showed promise for capillary 
action ribbon growth. Si^N^ was not tested in an actual die 
configuration . 

2.4 Process Development for 25 mm Ribbons. 

Our first 25 mm wide 1 ribbons were grown from graphite dies 
of | the type shown in Figs. 4 and 5. The die width was 25 
mm, the capillary slot was 0.26 mm thick, and the die top 
was 0.51 mm thick. The lower heat shield had a 2.4 mm wide 
x 28 mm long slot and the upper shield a 4.8 x 30 mm slot. 
The shields were 1.6 mm thick, and the lower shield had a 
0.8 mm deep x 8 mm wide x 33 mm long recess milled in the 
bottom side. Surface characteristics of these ribbons were 
similar to those of 12.5 mm wide ribbons. The SiC particle 
density was approximately 5/cm^ ; the surfaces were generally 
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Fig. 1-12. Clump-like particles in silicon ribbon 
when KT SiC die is useu (60X) . 



Fig. 1-13. Appearance of silicon ribbons, 25 mm in 
width, grown from KT SiC die (bottom) 
and POCO graphite die (top) . 


Crystal Growth 




rough as in Fig. 1-14 (a) and coated with a thin silicon 

oxide powder film of yellowish brown color. 

/ \ . . . 

I An experimental die design (see sec. 2.4.1) was developed 
which produces a much smoother surface than that possible 
with the older die. The Sic particle density with the new 
die is typically less than 0.1 /cm 2 . The entire full width 
surfaces of three consecutively-grown 25 mm wide ribbons 
were examined for SiC particles. The ribbon lengths were 
58, 55, and 27 cm, and the corresponding particle 

densities were .04, .10, and .03 particles/cm 2 . Substantial 
lengths of the ribbons (> 10 cm) were particle-free. 

Particles which do form tend to be located within a few mm 

of the ribbon edge. In Fig. 1-14, 2 lx photomicrographs of 
the as-grown ribbon surface compare the surface morphology 
produced with the old and the new dies. While the new dies 

produce a smoother surface, it is observed that twin planes 
and grain boundaries are still present, as are surface 
films . 

2.4.1 Die Design 

The new capillary die design mentioned above represents a 
departure from the edge-defined, film-fed technique of 

crystal growth, in that the cross section of the growing 


ribbon is not concentric with the top edges of the die. The 
die top is considerably thicker in the mid-region than at 
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the edges, yet the resultant ribbon is flat or somewhat 
thicker at the edges than in the middle. This die design 
allows a higher meniscus at the central region of the 
solidification front and thus reduces problems which can 
occur when using flat-top dies or curved-top dies with 
parallel top edges as in the EFG technique. Such problems 
come about primarily from the fact that the graphite die 
used for silicon growth slowly dissolves in the liquid. 
Carbon-saturated silicon rises up the capillary slot in the 
die and comes to the top region where ribbon solidification 
occurs. This top region is the coolest region in the growth 
system and the melt here is particularly rich in carbon both 
because of the cooler temperature and because of the low 
segregation coefficient of carbon in silicon. Here, excess 
carbon is forced out of the saturated silicon solution in 
the form of B-SiC crystallites, which tend to collect at the 
top surface of the die. These crystallites distort the melt 
meniscus and make the ribbon non-uniform in its surface 
smoothness. Because of the proximity of the freezing 
interface to the die top, the Sic particles are frequently 
incorporated in the ribbon, where they generate dislocations 
and other defects (see also section Characterization of this 
report) . 

It is advantageous to keep the interface of the freezing 
ribbon as far as possible from the die top, and this can be 
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accomplished with the structure shown in Fig. 1-1. The die 
tiop surface is curved so that it is higher at the edges than 
in the middle. In this way, if the ribbon's solid-liquid 
interface is maintained approximately planar, then the 
interface is further from the die, at least in the central 


region. The central region is most critical for generation 
Off defects in the ribbon. However, if the thickness of the 
die top is kept constant while the die top surface is 
Curved, then a higher meniscus in the central region 
necessarily implies that the top of the meniscus is thinner 
there. This would cause the ribbon to be very non-uniform 
in thickness from one edge to the other (i.e., much thinner 
in the middle than at the ends). Thus, not only should the 
die top curve downward from the ends toward the central 
region, but it must also become thicker in the central 
region than at the ends, as in Fig. 1-1. The meniscus, 
then, has a wider base in the central region. The wider 
base, combined with the greater meniscus height in the 
central region, results in a more uniform ribbon thickness 
at the solid-liquid interface. In summary, there are two 
things that are important to the die design: one is the 
curvature of the top surface, and the other is the 
thickening of the die top in the central region. By proper 
Choice of the curvature of the die top and the taper angle 
of the sides of the die, an optimum value for this variation 
of the thickness of the die top with position along the die 
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can be obtained. R and $ (see Fig. 1-1) are chosen to 

optimize the values of X -X and 6 for successful ribbon 

m e r 

growth. These parameters are given by 



2 tan (sin" 1 W ) 

Ir 


X - X =26 tan (i/2, 
me 

For 25 mm ribbon growth, R=10 cm, 0=40°, and X e =0.55-0. 80 mm 

give good ribbon growth conditions. Ribbons grown from such 

a die typically have an edge thickness of 0.42 mm and a 

central thickness of 0.21 mm for X =0.55 mm. Exact 

e 

dimensions of course depend upon pulling speed, and the 
central thickness was as low as 0.1 mm when pulling speeds 
in excess of 3 cm/min were employed. 

The optimum designs which we have developed for the 25 mm 
die, die holder, and heat shields are detailed in Appendix 
III. Both a one-piece and a two-piece die design are 

presented. 

2.4.2 Ribbon Surface Quality 

Silicon carbide surface particles are the main detractors to 
ribbon surface quality, both by their physical presence on 
the surface and because of the longitudinal troughs or 
tracks they leave on the ribbon when they are present in the 
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liquid meniscus at the die top. Another major contribution 
to roughness consists of sporadic, heavy horizontal 
striations which can arise when the solid-liquid interface 
is in very close proximity to the die top. As can be seen 
from Fig. 1-14, die design can greatly reduce the severity 
of these two sources of roughness. A close look at Fig. 
1-14 (b) shows that roughness from grain boundaries and fine 
horizontal interface striations still remains with the 
improved die design. Another detractor from surface quality 
is the formr ion of surface films on the ribbons due to the 
presence of quartz and graphite in the growth furnace and 
their reaction with silicon. 

In the growth system of Fig. 1-3, the argon inlet was at the 
bottom of the furnace and the gas flowed upward past the 
melt region, exiting through an oval tube at the furnace 
top. The ribbon was also pulled through this tube. In an 
attempt to eliminate ribbon surface film formation, a closed 
(gas-tight) system modification was made to the ribbon 
puller, and the inert argon purge system was altered to 
direct the purge gas at the ribbon/melt interface. This 
resulted in a cleaner appearance of the melt at the die top 
and also a cleaner looking ribbon surface. However, there 
was still evidence of Sic film formation near the seed 
interface. The modified purge system is shown in Fig . 1-15. 
As can be seen, the flow direction is reversed and the 
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Plastic bellows 


Vacuum gate valve 


Argon outlet 
(above gate) 


Argon Inlet — - 
(below gate) 


Stainless steel 
water-cooled purge 
tube 


(•raphlte draw 


Modified Argon Purge System 






ribbon remains in the furnace interior throughout growth. 

In use, the gate valve is closed and the region below it is 
evacuated prior to filling with argon through the inlet 
below the gate valve. When the lower chamber is filled, an 
argon outlet to a bubbler at the bottom of the chamber is 
opened. Simultaneously, the plastic bellows section above 
the gate valve is argon purged. The seed shaft is 
initially located in this section. When both sections have 
been purged an adequate length of time, and the die is at 
the growth temperature, the argon outlet above the gate is 
closed and the gate valve is opened. Argon then flows from 
the inlet at the bellows top and the inlet at the gate valve 
downward through a water-cooled stainless-steel purge tube 
which is 55 mm in ID and surrounds the ribbon. From the 
bottom of this purge tube, a 75 mm long graphite draw tube 
can be supported. The oval bore of the draw tube causes the 
purge gas to impinge on the solidification region at the die 
top. The gas then flows out the bottom of the furnace and 
through the bubbler. After growth, the ribbon is pulled up 
into the bellows and the gate valve is closed. The bellows 
is then opened to remove the ribbon and reseed for 
subsequent growth attempts . 

In the modified system, the routine maximum usable ribbon 
length at full width is limited to about 0.6 meters as 
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compared to about 1.2 meters with the old open port system. 
However, by reseeding, several ribbons can be pulled from 
one crucible charge. It was found that with the graphite 
draw tube present, ribbon growth control is best at low 
purge rates (20-30 CFH) . Higher rates tended to promote 
asymetrical spreading of ribbon growth from seed size to 
full width. However, little qualitative difference is seen 
in ribbon surface cleanliness and frozen-in stress whether 
the graphite draw tube is present or absent. Viewing and 
growth control are best when the graphite tube is not used. 
Purge rates up to 80 CFH could then be applied. 

The closed bellows system and argon purge from the top (with 
or without the graphite draw tube) produces a cleaner ribbon 
surface than that obtained with an open port system. The 
resultant ribbons have the shiny metallic grey color of 
polished silicon wafers. Under certain lighting conditions, 
the ribbons appear to be covered by a multicolored film. 
However, this has been demonstrated to be a diffraction 
grating effect caused by the transverse growth striations 
mentioned earlier, and not a film phenomena. In fact, a 
spectrum can be projected onto a white surface by using a 
ribbon as a grating. The striation line density was 
measured for nine ribbons which were grown at rates from 15 
to 31 mm/min (see Table 1-4). Line densities ranged from 
620-970 lines/cm. The product of the line density and the 
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TABLE 1-4. Growth Rates, Solid/Liquid Interface Striation 
Line Densities and Line Frequencies for Ten 
Ribbons 


Ribbon 

Number 

Distance 
from Seed 
(cm) 

Growth 

Rate 

(cm/min) 

Line 

Density 

(lines/cm) 

Frequency 
( lines/sec . ) 

51007 

65 

1.5 

756 

18.9 

51012 

12 

1.9 

960 

30.4 

51012 

too 

1.9 

970 

30.7 

51014 

65 

1.7 

956 

27.1 

51017 

32 

3.1 

660 

34.1 

51019 

64 

2.9 

636 

30.7 

51022 

66 

2.0 

940 

31.3 

51023 

69 

2.2 

800 

29.3 

51027 

66 

2.5 

620 

25.8 

I 

51107 

57 

1.5 

780 

19.5 


growth rate yields the striation frequency, which is also 
given in Table 1-4 . Line density and frequency do not 
change appreciably with distance along the ribbon, as can be 
seen from the data for ribbon 51012. With the exception 
of the anomalously low frequency values for 15 mm/min growth 
rates, the average striation frequency on the remaining 
eight ribbons was 29.9 lines/sec with a standard deviation 
of 2.6 lines/sec. Several explanations of these striations 
have been proffered, including a) 60 cycle AC modulation of 
the rf generator output power, b) room vibration due to 


Crystal Growth 41 





heavy equipment motors (vacuum pumps, air conditioning 
motors, etc.) running at 1725 RPM (28.8 cycles/sec), and c) 
oscillations associated with surface tension driven flow in 
the meniscus No conclusive cause has been identified. 
A 93X photomicrograph of the striations on ribbon number 
51019 is displayed in Fig. 1-16. 

To determine whether or not the surface striations correlate 
with dopant distribution striations , we beveled a ribbon at 
a 3.5° angle (top, Fig. 1-17) so that spreading resistance 
measurements could be made at 2.5 pm intervals, on the 
lapped surface, in a direction perpendicular on the 
striation lines. The striation lines, in this case, were 
spaced at approximately 10 pm intervals and had a nearly 
sinusoidal peak-to-valley undulation with an amplitutde of 
about 0.37 pm (as calculated from the bevel angle and the 
structure at the bevel/surface intersection in Fig. 1-17) . 
Resistance fluctuations of up to about ] 2 % are evident, but 
do not appear to correlate with the surface striations. 

The melt at the die top also appears to remain cleaner with 
the modified purge system, and the seed/ribbon interface 
attachment has improved to some extent. However, there is 
evidence from TEM examinations that a thin SiC film is grown 
on the seed tip by chemical vapor deposition during the 
relatively long time (approximately five minutes) the seed 
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. 1-16. 


Transverse interface striations on 
51019; magnification 93X. 


si^i£€& ribbon 


remains stationary at the die top. A similar film is seen 
on the ribbon, if growth is halted for several minutes with 
the ribbon remaining at the die top. During growth at 
typical speeds, the film is not noticeable, but is probably 
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SPREADING RESISTANCE 
(ohms x lO ' 3 ) 



POSITION (mm) 


Spreading-resistance measurements, on a 3.5 beveled 
surface, perpendicular to surface striations. 
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still diminutively present 


Dopant Distribution in 25 mm Silicon Ribbons 


the capillary slots in the shaping die. In our early growth 


flat-top EFG die of the type shown in 


runs 


Fig. 1-5 was used to grow 10 mm wide ribbons. Boron-doped 
ribbons grown with such a die typically exhibited central 


resistivity minima similar to that shown in Fig. 1-18. The 


DIE CROSS SECTION 


Bevel Angle - 
Probe Spacing 
Data Interval 
Nominal p- 


P0SITI0N ACROSS RIBBON (mm) 


Dopant profile with 10-mm-wide 
one-piece, flat-top die. 



the ribbon axis 


measurements were made on a beveled surface. Ribbons grown 


with a one-piece 25 mm wide, curved top capillary action 
shaping technique die (Fig. 1-1) again exhibited the central 
resistivity minima as trail as narrow dips near the edges of 


the ribbon (Fig. 1-19). The magnitude of the difference 


between maximum and minimum resistance values was somewhat 


less with this CAST die than with the 10 mm wide EFG 


die. In some growth experiments, a die of the type shown in 


DIE CROSS SECTION 


Bevel - 
Spacing 
Interval 


POSITION ACROSS RIBBON (mm) 


Dopant profile with 2S-mm-wide 
one-piece, curved-top die. 




Fig. 1-1 was modified by enlarging the top of the transverse 
channel slot as shown in Fig. 1-20. The vee groove was cut 
with a 92 mm radius saw blade having a symmetrically beveled 
edge with an included angle of 45°. This was done to 
determine if the larger channel volume would affect the 
transverse spreading resistance profile and also to see if 
the reduction in the graphite surface area of the extreme 
die top would affect ribbon perfection. No significant 
change was seen in perfection. The effect on the spreading 
resistance profile was to cause a slight broadening of the 


BEVEL- 9.75 
SPACING- 32 pm 
INTERVAL- 250 gm 

P — 2 ft-cm, p 


12 16 


POSITION ACROSS RIBBON (mm) 


Fig, 1-20. 


Dopant profile of a ribbon grown from a 2 5 -mm -wide 
die having a V-shaped top cross-section. 
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central resistivity dip. There was no improvement in 
transverse resistivity gradient. 


The effects 

Of 

various 

gross 

ribbon 

defects upon dopant 

distribution 

were 

also 

investigated . 

Spreading resistance 

measurements 

were 

made 

on a 

lapped 

ribbon surface in a 


direction perpendicular to a series of twin lines. The 
Surface was then lightly etched to delineate the twins and 
the probe marks. As shown in Fig. 1-21, no appreciable 
resistance fluctuations were seen in crossing the twin 
lines. 

In another ribbon sample, the resistance was measured across 
large-angle grain boundaries. The lapped sample was again 
lightly etched, and in this case, a large increase in 
Spreading resistance (about 200X) was seen upon crossing the 
grain boundaries, although the resistance in off-boundary 
regions was reasonably constant. (See Fig. 1-22.) Thus, 
the boundaries either tend to exclude the boron dopant or 
are contaminated with N-type impurities. It appears that 
grain boundaries and the transverse dopant distribution 
anomaly, which was discussed in section 2.4.3 are the known 
sources of large scale resistivity fluctuations, while twin 
boundaries and surface striations have a minor, and perhaps 
negligible, effect upon resistivity. 
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Fig. 1-22. Spreading-resistance measurements across grain boundaries. 


2.4.4 Thermal Stress Modification in the 25 mm Growth 

System 

Several graphite thermal modifiers have been tested to 
determine their effect upon two ribbon parameters; 
transverse thickness uniformity and "frozen-in" stress. 

The modifiers are passive in that they are not independently 
variable with respect to the rf susceptor heater. Their 
design has evolved in an empirical fashion. The basic 
set-up to which the thermal modifiers were applied is that 
shown in Fig. 1-4. 

In the basic setup, the quartz insulator has a 64 mm ID, 
With a 6 mm wall, and its top is 2 mm lower than the 
Susceptor top. The die top protrudes 1.0 mm above the top 
plane of the die holder, which is 9.53 mm thick. The 
susceptor top is recessed 18.3 mm deep to accept the die 
holder and shields. The upper part of the susceptor wall is 
2.67 mm thick, and the lower part of 4.57 mm thick. The 
susceptor OD is 60.2 ram. The lower shield is 1.57 ram thick. 
It has a 2.38 mm x 27.78 mm slot, and the bottom is recessed 
0.76 mm deep x 7.94 mm wide x 33.34 mm long. A 1.27 mm 
thick spacer separates the bottom and top shields. The top 
shield is 1.27 ram thick with a 4.76 mm x 30.16 mm slot. The 
10-turn rf coil used with the setup is placed so that two 
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turns are above the susceptor top and eight turns are below. 
The coil has a nominal length of 100 mm and a diameter of 
100 mm. The susceptor, shields, and die holder are made of 
graphite. 

The first thermal modifier tried was a 50 mm ID graphite 
tube, 67 mm high with a 5 mm wall thickness. This tube 
rested on the top rim of the susceptor and had a 12.7 mm 
diameter viewing port drilled through the wall. Five growth 
attempts were made with the tube in place. In all attempts, 
freezing of the liquid film between the die and the ribbon 
occurred before the ribbon had spread from seed width (4 mm) 
to full width (25 nun) . 

The second modifier system consisted of a molybdenum plate 
53.6 mm in diameter and 1.59 mm in thickness with a central 
slot 4.76 mm x 30.16 mm. Vertical parallel plates projected 
upward along the sides of the slot. These were 12.7 mm high 
x 22 mm wide x 1.59 mm thick and separated by a distance of 
4.76 mm. The modifier rested on the upper heat shield. 
Five growth attempts indicated that this system was also 
prone to premature freeze-out. In addition, a short 25 mm 
wide ribbon grown with this modifier was very non-uniform in 
thickness, with the edges being thicker than the middle. 

The third modifier was a 12.7 mm thick x 53.6 mm diameter 





graphite block which rested on the upper shield. The 
opening through which the ribbon was pulled was tapered from 
a 7.1 mm width at the bottom surface to an 18.5 mm width at 
the top surface. Ribbon growth was easier with this 
setup, and five full width ribbons were grown at speeds 
ranging from 14 to 23 mm/min. The average ratio of edge 
thickness to center thickness at the tail end of the ribbons 
was 1.59 m and did not correlate with growth 
Speed. Actual thickness tended to decrease with increas- 
ing growth speed for a given die (e.g., at 14 mm/min, the 
maximum and minimum thicknesses were 0.51 mm and 0.36 mm; at 
20 mm/min, the corresponding values were 0.41 mm and 0.25 
mm) . The ribbon surface appeared to be duller with this 
modifier than without it, probably indicating a thicker SiC 
vapor-grown film on the ribbon. Ribbon 51104, grown at 14 
mm/min with the modifier, was deliberately split at the tail 
end. The split width vs distance curve is shown in Fig. 
1-23. A rapid increase of split width with distance from 
the tip implies a large residual stress in the ribbon prior 



to splitting. 

The fourth thermal modifier system was identical with the 
third except that the opaque quartz insulator was 15 mm 



[■ : i 

U 



taller. In this case, it was observed that the reduction in J 

system temperature required to proceed from seed width to j 

full ribbon width was only 30 X of that used without a j 

”s 

i 
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thermal modifier. The ribbon was susceptible to freezeout 
unless growth was carried out slowly. The tail end, 
edge/middle thickness ratio of a ribbon grown at 1 1 mm/min 
was only 1.10, and the middle thickness was 0.50 mm. The 

j 

thickness ratio increased to 1.43 at 18 mm/min, with the 
middle thickness correspondingly decreased to 0.35 mm. 

Stress levels of ribbons grown at 1 1 mm/min (No. 51110), 12 
miri/min (No. 51203), and 18 mm/min (No. 51202) with this 
modifier were lower than that seen with the third modifier 
system. 

The fifth thermal modifier to be tried consisted of two 
gfaphite blocks with recessed vertical grooves (Fig. 1-24) 
which were placed at the edges of the ribbon. The blocks 
rested on the upper heat shield. Three full width ribbons 
were grown with this modifier. The average edge/middle 
thickness ratio at the tail ends was 1.19 for growth rates 
of 17-19 mm/min. Even though the growth rates did not vary 
appreciably and the same die was used, quite a difference in 
average thickness was seen among the ribbons. Ribbon 

511207 was 0.24 mm thick and had a stress level comparable to 
that seen with modifier No. 4. Ribbon 41205 was 0.47 mm 
thick and had a lower stress level. (See Fig. 1-23. ) 

The sixth thermal modifier system was like the fifth, except 
that the quartz insulator was 15 mm higher than in the basic 

Crystal Growth 



Fig. 1-24. Thermal modifier No. 5. 

setup. Three ribbons were grown# and it was found that 
approximately uniform ribbon thicknesses could be produced 
at selected growth rates. Ribbon 51210 was grown at 14 
mm/min and exhibited an inverted thickness profile; the 
edge-to-middle thickness ratio was 0.77. The edge thickness 
was 0.50 mm, and the middle thickness was 0.65 mm. Three 
attempts were made to split this ribbon deliberately; and, 
in each case , the crack veered to the ribbon edge instead of 


propagating up the ribbon. Thus, the frozen-in stress was- 
very low. As the speed was increased to 18 nun/min (ribbon 
51213) , it was possible to split the ribbon, but the stress 
level was still relatively low as shown in Pig. 1-23. At 
this speed, and at 17 mm/min (ribbon 51214), the ribbon did 
not exhibit an edge/middle thickness variation; the ribbon 
cross section was slightly wedge-shaped, with one edge 0.45 
non thick and the other 0.41 nun thick. This probably 
reflects non-uniform machining of the die. 

In the seventh thermal modifier system, an attempt was made 
to combine the uniform thickness capability of system number 
six with a still lower stress level* Towards this end, a 
modifier was assembled in ■ modular form, as 
follows. System number six was first assembled. On top of 
the 12.7-mm blocks, spacer blocks 20 mm high x 37 mm wide x 
10 nun thick were placed so that the flat 20 mm x 37 mm 
surfaces were near and perpendicular to the edges of the 
ribbon. On top of the spacer blocks was placed a graphite 
cylinder 53.6 mm in diameter x 12.7 mm high. The latter had 
a 6 mm x 40 mm milled slot through which the ribbon was 
withdrawn, as well as a cutout at its edge for viewing 
purposes. The appearance of this modular assembly (Fig. 

1-25 (a, b and c) was similar in major details to the 
one-piece thermal modifier which is shown in Fig. 1-25 (d) 
and will be described in the next paragraph. It was hoped 
that the block would reduce the vertical thermal gradient to 
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1-25 (a) Thermal Modifier No 
Assembly 


Fig. I -25(b) Thermal Modifier No 
Components 




In thermal modifier number eight shown in Fig. 1-25, an 


attempt was nade to incorporate and enhance the main 


features of modifier number seven in a one-piece design. 


Several ribbons were grown with this modifier; and, indeed. 


good resistance to splitting was seen (see Fig. 1-26, ribbon 


60203) . 


However, a very high edge/middle thickness ratio 


was obtained. Ribbon 60202, for example, was grown at 1 8 


mm/min and had an edge/middle thickness ratio of 1.57. The 


central thickness was 0.30 mm. For comparison purposes. 


ribbon 60304 was grown at 20 mm/min, using the basic setup 


with no additional thermal modifiers. 


The observed 


splitting (Fig. 1-23) was comparable to that seen with 


ribbon 51205, which was grown using the fifth thermal 


modifier system. However, the edge-to-middle thickness 


ratio was 1.91 — much higher than was observed with modifier 


number five. The middle thickness was 0.22 mm. 






•• 




• imv 










S3fT; 


Fig. 1-26 


Two 25-mm-wide ribbons which re- 
sisted attempts at axial splitting 
Top, ribbon 60203; bottom, ribbon 
6 


lr 


Although the parameters involved are numerous, the observed 
behavior of passive thermal modifiers can be essentially 
summarized as follows: 

T. Placing relatively massive graphite thermal modifiers, 
preferentially, near the edges of the ribbon tends to 
reduce the edge thickness relative to the middle 
thickness; and, at an optimum growth speed, results in 
approximately uniform ribbon thickness (e.g., the sixth 
thermal modifier system, at 17 mm/min growth speed). 

2. Decreasing the vertical thermal gradient by extending 
the height of the thermal insulation or by adding 
massive, passive graphite thermal modifiers around the 
ribbon at some distance above the growth interface 
tends to reduce or eliminate the tendency for splitting 
to propagate along the ribbon (e.g„ , the seventh and 
eighth thermal modifier systems) . 

As determined from uncorrected optical pyrometer 
measurements on "interior surfaces" of the graphite 
components in the basic setup, with thermal modifier number 
eight in place, the vertical temperature profile of Fig. 
1-27 is present near each ribbon edge during growth and is 
sufficient to produce nonsplitting ribbons, such as 60203. 


Crystal Growth 61 




POSITION IN SETUP (CM) 



2.4.5 Maximum Growth Rates for Melt-Grown Ribbon-Shaped 

Crystals 

An analysis of the heat balance at the growing interface for 

nondendritic crystal growth from the melt has been made by 
(7) 

Billig . Ilis calculation indicated that the maximum 

growth rate or pulling speed v max would occur when the 
temperature gradient in the melt at the interface approached 
zero and would be given by 



where is the thermal conductivity of the solid crystal at 
the melting temperature, L is the latent heat of fusion, p n 
is the density of the crystal at the melting temperature, T 
is the crystal temperature, x is the distance along the 
crystal from the growing interface, and (dT/dx)^ is the 
temperature gradient in the crystal at the growing 
interface . 

A calculation of maximum ribbon growth rates ^ has been 
carried out under the following assumptions; (i) heat loss 
from the crystal is only by radiation to a cold environment, 
(ii) the solid liquid interface is planar, (iii ) the thermal 
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conductivity of the crystal varies inversely with 
temperature, and (iv) the surface emissivity e of the 
crystal is temperature independent. 


Heat from the solidification front is dissipated by 
conduction along the ribbon and radiation from the ribbon 
surface. Heat conduction along the ribbon is given by 


Q = AK 


dT 

as 


WtK 


dT 

as 


( 2 ) 


where A is the ribbon cross-sectional area, K is the thermal 
conductivity of the ribbon, W is the ribbon width, and t is 
the ribbon thickness. Heat loss from an element ds of the 
ribbon surface dx long via radiation to a cold environment 
is 

dQ = aeT 4 dS = 2 (W+t)oeT 4 dx . (3) 

For many materials of interest, particularly semiconductors 
such as silicon, the solid conductivity K can be 

approximately expressed as K = K m T m / T [assumption (iii) 
above]. Making this substitution in Eg. (2), and 

combining Eqs. (2) and (3), we get the differential equation 

d fT -1 dT\ 2(W+t)aeT 4 tHi 

d£ l ZZ ~ Wt K ~f ~ • (4) 

v / m m 
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The solution of Eq. (4) for boundary conditions 



If the width-to-thickness ratio of the growing ribbon is 
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large (W/t >> 1 ) , Eq. (7) may be simplified to 


v max = (VLC m ) ( aeK IT| T^/t) 1/2 . (8) 

Even for W/t = 10, the maximum growth rate is within 5% 
of the rate for any greater W/t ratios. 

Thus, the maximum growth rate is essentially 
independent of width for wide ribbons and varies as t” 1 / 2 . 

The curve for maximum growth rate vs ribbon thickness from 
Eq. (8) is shown in Fig. 1-28 for the case of silicon. 

Maximum Czochralski growth rates ^ are given by 

v max " ( 1/Mh>(«V^r> 1/2 , (9) 

where r is the cylindrical crystal radius. 

Although the maximum ribbon growth rates are considerably 
higher than maximum Czochralski growth rates, the amount of 
material produced per unit time is, of course, much smaller 
in the case of ribbons. One way of viewing this is to consider 
the rate of surface area produced during crystal growth, as is 
done in Fig. 1-29. 

Actual growth rates for Czochralski crystals are about 
0.2 - 0.3 V max and for ribbons they are 0.3 - 0.4 V max . 
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Maximum growth rate vs thickness for silicon ribbon 
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Pig. 1*29. Rate of surface-area production during growth vs Czochralski 
crystal dia. or ribbon width. A 0.05-cm ribbon thickness and 
postgrowth slicing of the Czochralski crystal into 0.05-mm- 
thick wafers with 50% material loss is assumed. Maximum 
silicon growth rates are used. The effect of simultaneous 
multiple ribbon growth (up to 10 ribbons) is included. 
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3.0 GROWTH OF 38 MM SILICON RIBBONS 

3.1 Process Development for 38 mm Ribbons 

The same apparatus and hot-zone design were used for 38 mm 
growth as for 25 mm growth. The slots in the die holder and 
heat shields were elongated to accommodate the new die 
width. 


3.1.1 Die Design 

The concepts discussed relative to 25-mm-wide capillary 
action shaping technique dies were extended to the design of 
a die for 38-mm (1-1 /2-inch) -wide ribbons. In this die, 6 = 
1.0 mm, & = 50°, X g = 0.44 mm, and X m = 1.16 mm. Initial 
ribbons were grown at speeds of 16-18 mm/min. Typically, 
the edge thickness was 0.42 mm and the middle thickness was 
0.54 mm. A thinner portion (0.37 mm) was present, however, 
between the edge and the middle. Thus the total deviation 
from flatness was about 0.09 mm. More difficulty was 
noticed with freeze-out during the process of spreading from 
seed-width (3-mm) to full-width growth than had been 
observed during 25-mm-wide ribbon growth. 
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For initial 38-mm-wide ribbon growth experiments, five 0.8 
mm diameter cylindrical capillary feed holes were drilled in 
the central region of the die, spaced 3.2 mm apart. These 
were in addition to the side and top slots which had been 
used in the smaller dies. Ribbons grown with such a die 
exhibited resistivity minima near the edges which were 
similar to those observed using the 25-mm-wide die. 
However, the central resistivity dip was moderated by the 
presence of the cylindrical holes as shown in Fig. 1-30 and, 
in fact, was changed to a series of smaller-amplitude minima 


DIE CROSS SECTION 
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Probe Spacing - 25 Jim 
Data Interval - 250 jum 
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POSITION ACROSS RIBBON (mm) 


Dopant profile with 38-mm-wide, one-piece 
die having five central, cylindrical 
capillary feed holes. 







occurring approximately at the positions between cylindrical 
feed holes. 

These observations indicate that dies should be fabricated 
with minimal capillary slot obstruction (i.e., as close as 
possible to a configuration consisting of parallel, 
non-contacting plates) . Apparently, there is a build-up and 
stagnation of dopant between vertical capillary rise 
channels. 

To achieve a relatively unobstructed channel, a two-piece 
die was designed and a number of ribbons have been grown 
with such dies. The dopant distribution of Fig. 1-31 
indicates that a flatter profile was obtained with this die 
than with the one-piece type. However, a smaller amplitude 
central resistivity dip was still present. Thus, an open 
channel die improves, but does not completely eliminiate, 
the transverse dopant gradient problem. 

On the other hand, dopant gradients in the thickness 
dimension have been very low — even near the ribbon surface, 
as shown by spreading-resistance measurements made on a 
sample adjacent to the 38-mm-wide sample for which the 
dopant profile shown in Fig. 1-30 was measured. In this 
case, the sample was beveled at a 9.83° angle so that 
measurements could be made from the surface down into the 
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POSITION ACROSS RIBBON (mm) 


•ig. 1-31. Dopant profile of a ribbon grown from a two-piece die 

depth of the ribbon. Such measurements were made at a 
relative minimum and at a relative maximum of Fig. 1-30. 

The results indicate that there is no resistivity change 
even as close as 4 ym from the surface as can be seen in 
Fig. 1-32. Similar results were found when using the 
two-piece die. 

As more experience was gained with the 38 mm growth system, 
it was found that capillary action shaping technique dies 
with a 1 52 -mm-radius top curvature, a 0.8 -mm edge thickness, 
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Fig. 1-32. Spreading resistance vs depth into ribbon at positions 
corresponding to a relative maximum and a relative 
minimum of the surface spreading resistance. 


and a 1 . 52-mm central thickness produced better results than 
the thinner dies used earlier. It was possible to grow 0.3 
mm thick ribbons at 30 iran/min with such dies. 


3.1.2 Reuse of Quartz Crucibles 


Experiments were performed to demonstrate the feasibility 
of reusing quartz crucibles. Crucibles with 51-mm outside 
diameter, 25-mm-height, and 2-mm wall thickness were used. 
These are the standard crucibles used in the growth of 12.5, 





25, ana 38-mm-wxde ribbons. They are flat-bottomed, and 
were typically loaded with 50-60 gram silicon charges. The 
experiments were conducted in conjunction with 38-mm-wide 
ribbon growth. 

In earlier ribbon growth runs (60917, 60918, 61001, and 
61008), it was noticed that all silicon except a small 
droplet 4 to 10 mm in diameter could be removed from the 
crucible by continuing ribbon growth until capillary flow 
starvation occurred. The small droplets did not appear to 
crack the crucible upon cool-down, and so we decided to 


attempt 

reuse of 

such 

crucibles . 

In 

run 

70201 , 

the 

crucible 

from run 

61001 

was reused. 

In 

Fig. 

1-33 (a) , 

the 

crucible 

is shown as 

it appeared after 

run 

61001 

, in which a 


67 x 3.8-cm ribbon was grown. A 5-mm-diameter droplet of 
silicon was left in the crucible. The crucible was etched 
in an acid solution of the following composition (by 
volume) : 



hno 3 

(7055) 

3 

parts 


CH 3 COOH 

(Glacial) 

2 

parts 


HF 

(49*) 

1 

part. 

Etching 

was carried 

out for 24 

hours, and the silicon 

droplet 

was completely consumed. 

The 

etchant also attacked 






Fig. 1-33. Stages in the repeated use and etching of a 51-mm- 
diameter quartz crucible. See text for details. 
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the crucible, decreasing its wall thickness from 1.8 to 1.4 
mm. Figure 1-33 (b) shows the crucible after etching and 
prior to run 70201* The inner surface of the crucible is 
seen to be slightly crazed where it had been in contact with 
the frozen droplet. After etching, the crucible was loaded 
with 56 grams of silicon and a 76 X 3.8 cm ribbon was grown 
in run 70201. Again the entire melt was consumed except for 
a 7 .2-mm-diameter droplet near the crucible wall (Fig. 
1-33(0 ) . 

The crucible was again etched to remove the silicon. The 
larger droplet left a larger crazed area on the crucible 
(Fig. 1-33 (d) ) . The etching further reduced the wall 
thickness to 1.1 mm. 

For the third run with this crucible, another 5 6 -gram charge 
was loaded and ribbon 70202 was grown 88 cm long x 3*8 cm 
wide . The charge was again consumed except for a droplet 1 3 
x 6 mm in size* See Fig. 1-33 (a). As can bo seen, 
crucible deformation which began to be noticeable in Fig. 
1-33 (c) is quite pronounced after the third tun. This is 
probably because of the thinning effect of the etch. 

For the fourth run with this crucible, only a light etch 
(five minutes) was used prior to loading another 5 5 -gram 
charge* This etch did not remove the silicon droplet. A 


short ribbon (20 cm) was grown in run 70203. It froze to 
the die. Then, after reseeding, ribbon 70204 was grown from 
the same melt. It was a 44-cm-lOng x 3.8-cm-wide ribbon, 
and again all the silicon was consumed except for the small 
droplets shown in Pig. 1-33 (f). After run 70204, the 
crucible was badly deformed, but was still intact and 
conceivably could have been used again. However, a portion 
of the upper rim was broken during handling. 

In summary, the crucible was used in four melt-down cycles 
and performed satisfactorily. A small amount of crazing 
occurred in the immediate vicinity of the residual frozen 
silicon droplets left in the crucible at the onset of 
capillary starvation, but the crazing was not substantial 
enough to interfere with the growth process. The crucible 
deformed with increasing use. This may have been enhanced 
by the heavy etching which reduced the crucible wall 
thickness. On the fourth run made with the crucible, it was 
demonstrated that heavy etching is not necessary. 


3.1.3 Thermal Geometry Control 


As mentioned in section 3*1.1, more difficulty with 
freeze-out during the spreading operation from seed size to 

full width was encountered with 38 mm wide ribbons than with 

l 

smaller ribbons. Thermal asymetries in the hot-zone also 

. s 

became more critical. Thus it became apparent that 


"on-line" thermal balancing and thermal profile control at 
the die top would be required. 

Processes requiring dynamic thermal control over an extended 
region have incorporated various means of achieving desired 
thermal profiles, in the case of ribbon crystal growth, for 

/Q\ 

example , radiation shields or ports , multiple minature 
heaters* 9 * , and shaped "weights" for heat focusing** 9 * have 
been employed. Most of these techniques have the 
disadvantage of not being continuously variable during the 
process. Minature heaters are continuously Variable, but 
have several drawbacks; e.g., (a) the available materials of 
construction for the heater and associated insulators may be 
contaminants at high temperature in some processes and (b) 
such heaters add additional heat to a process already 
limited by heat and hence do not provide a way of 
selectively extracting heat. 

A system providing a means for growing wide silicon ribbons 
through thermal profile control which is continuously 
variable, inert, and capable of heat extraction has been 
implemented. 'The device employs multiple inert-gas jets 
directed at various parts of the hot zone , each with an 
individually controlled flow adjustment. In Fig. 1-34 a 
system of four purge jets and flow-meters in a ribbon growth 
apparatus is shown. The two end jets ipipinga on the ribbon 





Fig. 1-34. 


Inert-gas purge system for thermal 
geometry control; flow monitors 
are at upper left; purge tubes are 
at middle right. 


growth region at points 38 mm apart (corresponding to the 
edge positions of a 38-mm-wide ribbon) . The two middle jets 
are directed so to be at either side of a ribbon being grown 
and pulled upward through the large central draw tube (which 
also serves as the exit tube for the inert gas — argon in 
this case) . To use the system, more argon is directed to 
those parts of the system where the temperature is locally 
higher than desired. 
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Several examples of use of the system are presented here. 
Three thermocouples (TCs) were placed in a blank graphite 
die-holder block as shown in Fig* 1-35 (bottom). The 
spacing was 19 mm. The TC junctions were approximately at 
the growth region of a 38-mm-wide ribbon (edges and middle)* 
The system was heated to approximately 1200°c by an external 
RF coil. 

Example 1 (Fig. 1-35) 

Flows to the four ports were each adjusted to 8.5 cubic feet 
per hour (CFH) . The flow through port 1 was increased in 
increments, while monitoring temperature at TCI* The 
temperature decreased approximately linearly with flow at a 
rate of -3.2°C/CFH argon (Fig. 1-35)* The time constant for 
the response of temperature to a flow change was 
approximately 11 sec. Progressively smaller cooling effects 
were seen at positions 2 and 3. 

Ex ample 2 (Fig* 1-36) 

With equal flows of 8.5-CFH argon at all ports, an 
asymmetrical thermal profile was present (top) . Adjusting 
the left and right port flows to 16*2 and 29.8 CFH, 
respectively, provided a flat profile (middle) . Thus, the 
65°C temperature gradient over a 3.8-cm distance has been 





80 



U V, 

TCI TC 2 TC 3 -*|l cmh- 


Temperature response of a ribbon furnace hot 
zone to argon flow changes. 
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TEMPERATURE (“Cl 



POSITION (cm) 


Fig. 1-36. An asymmetrical temperature profile (top) can be 
flattened (middle) or symmetrically tailored 
(bottom) with the inert-gas system. 












flattened to within less than ± 1°C. A symmetrical radially 
increasing profile could be obtained at flows: Pi = 16.2, P2 
= 21.3 = P3, P4 = 29.8 CFH (bottom). Similarly, radially 
decreasing temperature profiles could be produced. 

The system has provided the thermal control necessary for 
stable 38-mm-wide and 50-mm-wide ribbon growth, and has 
allowed full-width seeding of the ribbons. The geometrical 
response of a growing, 38-mm-wide ribbon to step changes in 
argon flow directed at one of its edges has been checked. 
The growth conditions were first stabilized by adjusting the 
argon flows , as necessary, to attain full-width growth with 
no tendency for the ribbon to drift toward either edge of 
the capillaty action shaping technique die. Then a step 
decrease in argon flow (directed at one edge of the ribbon) 
of 0.85 CFH was applied and caused the ribbon width to 
decrease (at that edge) at a rate of 4.1 mm/min/CFH, nearly 
linearly. A subsequent increase in flow by 0.85 CFH, back 
to the original level, returned the ribbon to full width at 

a slower, non-linear average rate of 1.3 mm/min/CFH . The 

" ' : ■ v ' ■ ■ ■ ' : ' \ ' . 

ribbon pulling speed was 14 mm/min. \ 

Since the gas jets are directed at the growth region, it has 
been possible to use an open pulling port system and still 
retain Clean ribbon surfaces of the type previously obtained 
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only with the closed bellows, top-to-bottom purged furnace 
system of Fig. 1-15. 

3.2 Physical Characteristics of 38 mm Ribbons 

Implementation of the inert-gas thermal modifier and 

concomitant improved control over the thermal profile near 

the growth zone have allowed major improvements in 

38-mm-wide ribbon growth. About 25 ribbons of average 

length 0.7 meter were grown with the system. The longest 

ribbon grown was 1.3 meters in length. Some ribbons have 

2 

had SiC surface particle densities as low as 0.04/cm 
(counted over*, the entire ribbon) and good surface 
smoothness. These ribbons were dog-boned in cross-sectional 
shape, with edge thicknesses of about 0.5 mm (6055 of the die 
top thickness at the edge) and central thicknesses of about 
0.3 mm (2055 of the central die top thickness). A 
transverse section of ribbon. No. 61016 was grown at 30 
mm/min, was beveled at a 4.6° angle to illustrate the type 
of thicknesss variations present in the thinner ribbons (see 
Fig. 1-37). 

Stress levels in the 38-mm-wide ribbons do not appear to be 
any worse than in narrow ribbons. A stress of 4,000 psi was 
measured iii one ribbon delivered to JPl/ 1 ^. Using a 
similar methodology (measurement of the split width as a 


/ Ait ♦v. 



Fig. 1-37. Deviations from flatness in ribbon 61016 
(4.6° bevel) . 

function of distance on a split ribbon as detailed in 

g 

section 4.0), we measured a stress level of 3.5 x 10 
2 

dynes/cm (3,900 psi) on a different ribbon. The results 

are in good agreement. Several ribbons have broken 

transversely during handling without longitudinal splitting. 

Several 38-mm ribbons are pictured in Fig. 1-38. As shown 
in the figure, straight ribbon growth can be maintained 
after making initial thermal adjustments with the inert-gas 
purge- jet system. 

4.0 GROWTH OF 50 MM SILICON RIBBONS 

4 . 1 Description of Experimental Apparatus 

Since initial results in using a 2-piece die for 38-mm-wide 
growth were successful, the same design (Fig. 1-31) was used 
in scaling up to a 50-mm growth system. A 0.8-1. 2 mm die 
edge thickness and 1. 8-2.0 mm central thickness with a 
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1-38. Four 38-mm-wide ribbons 
thermal trimming. 


grown with inert-gas 


found to work well 


0.4-0. 5 mm and a capil ary rise height of < 45 ran was used 


in all growth experiments 


holder, shield, and susceptor designs which were used in the 
38 -mm system were also kept and scaled up in size for the 
50-mm system. The furnace shell size was the same as for 




12-38 mm ribbon growth. The inert-gas thermal control 
system shown in Fig. 1-34 was used. 


4.2 Meniscus Effects 


Meniscus Height Measurements 
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A technique was established for meniscus height measurement 
during 50 nun wide ribbon growth. The meniscus is 
photographed at a known viewing angle, 0, relative to the 
horizontal plane. For example, the meniscus of Fig. 1-39 
was photographed at an angle of 52-1/2°. The distance from 


Meniscus photograph of ribbon 70410; width, 
50 mm; speed, 19 mm/min. 


the seed to the solid- liquid interface at the time of the 


photograph 
thickness , 


is noted. 


t , 
r 


Then, after growth, the ribbon 
at the location photographed is measured. 
The die-top thickness, t^, is measured prior to the growth 
run. The apparent meniscus height, m, is obtained from a 
densitometer scan of the photographic negative (Fig. 1-40) 
using a Joyce, Loebl and Co. Ltd., double-beam recording 
microdensitometer model MK III CS. Once m, 0, t , and t. 


are known, the meniscus height. 


h, 

m 


can be obtained 



J 1 I l I 1 I 

.6 .5 4 .3 .2 .1 0 

(mm) 


Densitometer scan of meniscus region on photographic 
negative. The apparent meniscus height m is obtained 
after dividing the scan distance across the meniscus 
by the magnification of the negative M (usually 
about 0.4). 
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One series of measurements was made with a 50-mm-wide die 

having a 2*01 mm central thickness t^, a 0.41 mm slot 

dimension t , a 0.84 mm edge thickness, and a 1.73 mm 
s 

deviation from flatness of the die top (6 in Fig. 

1-41). The meniscus height h was found to increase from 

m 

.53 mm to 0.75 mm as the central ribbon thickness decreased 
from .42 to .23 mm. The meniscus cross-sections for the two 
values of h. are shown in Fig. 1-42. At h = 0.75 mm, the 
ribbon is considered to be growing in the high melt meniscus 
mode of the capillary action shaping technique. For 


comparison, in the EFG growth technique the meniscus height 
is 9.06 mils (0.23 mm) for a 9.5 mil (0.24 mm) thick 


ribbon 1 ' . The factor of 3 increase in meniscus heights is 
a key advantage in obtaining smooth, low Sic particle 
density ribbons by the CAST method. 


4.2.2 


High Melt Meniscus (HMM) Growth 


Growth run number 70103 is an example of high melt meniscus 
growth. in this run, a die with 1.2-mm edge thickness, 
1 . 9 -mm central thickness, and a 0 . 4 6 -mm capillary slot was 


used. 


The radius of curvature at the die top was 267 


mm. During growth at 19 mm/min, a high melt meniscus was 
maintained and the resultant ribbon had a number of 


desirable characteristics: it was thin (less than 0.27 mm 
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except for extreme edges) , it had a "zero" Sic particle 


density over its entire length, it was shiny and highly 


reflective, and it possessed a larger grain morphology than 


previous ribbons had exhibited. Post-growth examination of 


the interface striations combined with a knowledge of the 


curvature of the die top indicates that the meniscus was at 


least 0.3 mm higher in the central region than at the edges 


of the growth front. We estimate that the meniscus height 


was on the order of 0.7 mm in the central region. 


In Fig. 1-43, die-top thickness, capillary slot thickness. 


— — — - — Capillary Slot 


Die Top 


Ribbon (Seed End)! 
Ribbon (Tail End); 


TRANSVERSE POSITION (cm) ! 


Fig. 1-43 


Thickness of die top, capillary slot, and ribbon 
as a function of transverse position for run 70103 




1 





and ribbon thickness are plotted versus transverse 
position. The ribbon is relatively flat, except for several 
nun near each edge, and has a thickness of 0.15 x die 
thickness in the central region. It is thinner than the 
capillary slot dimension by 5055. These relative dimensions 
are shown schematically in Fig. 1-44. In cross section the 
extreme edges of ribbon 70103 appear rounded with a radius 
of 0.38 mm as shown in Fig. 1-45. At the cross-sectional 
position shown in the figure, a maximum thickness of 0.79 mm 
is reached at a distance of 0.67 mm from the ribbon edge. 


The thickness gradually decreases to a. uniform value of 0*16 
mm at a distance of 4 mm from the edge. 


Because of the very low Sic surface particle density, the 
ribbon surface is relatively free of longitudinal troughs 
often associated with such particles. Portions of the 
ribbon exhibited parallel twinning as shown in the central 
ribbon region of Fig. 1-46* However, much of the surface 
exhibited large single grains of the order of 8 mm in width. 
Frequently these grains were separated by twins with a 
raised surface morphology at the twin-ribbon surface 
intersection. Examples can be seen near the edge of the 
ribbon in Fig. 1-46. Magnified views of some large crystal 
grains are shown in Fig. 1-47. In Fig. 1-47 (a) , a grain is 
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2 mm 


Fig. 1-44 . Top sectional view, drawn to scale, of the die top 
and the silicon ribbon during capillary action 
shaping technique growth in the high melt meniscus 
mode . 
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Cross section of ri 
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ness is 0.79 mm, an 
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shown which has a nearly flat twin boundary on one edge 


(left) and a partially raised, partially flat boundary on 


another edge (upper right) 


Fig. 1-47. Large single-crystal grains in HMM ribbon 70103-42 


In Fig. 1-47 (b) , some twin boundaries are shown which have a 


prominent, raised-surface morphology. A transverse surface 
profile scan was recorded (left to right) over the region of 


the two prominent boundaries at the lower right of Fig 


1-47 (b). The most prominent (leftmost) boundary had a peak 


IJH. 
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height of 28 um, as shown in Fig. 1-48, and its influence 
extended a distance of 1.1 mm from the peak. The rightmost 
boundary had a peak height of 9 ym and influenced the 
surface height within 0.7 mm of the peak. 



POSITION ALONG SURFACE (mm) 


Fig. 1-48. Surface profile scan over the two raised-morphology 
twin boundaries at the lower right of Fig. I -8b. 


The single-crystal nature of one particular grain, 8 mm x 27 
mm in size, from ribbon 70103 was verified by x-ray 
topography; the topograph is shown in Fig. 1-49. This grain 
is encompassed by a largely nonlinear boundary. 
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Fig. 1-49. X-ray topography of 8 mm 
x 27 mm single-crystal 
grain in ribbon 70103-42. 

About 45 ribbons of 50 mm width were grown. An example is 
shown in Fig. 1-50. Minimum thicknesses ranged from 0.09 to 
0.82 mm, and maximum thicknesses ranged from 0.17 to 1.10 
mm. The fastest growth rate attained to date was for ribbon 
70411. The thickness was 0.15 mm at a 4-cm/min growth rate. 

Two additional materials were used for 50 mm CAST growth. 
One is Ultracarhon UT-44 graphite (runs 7C407-70412) . The 
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A 50-mm-wide by 109-cm-iong silicon ribbon grown by the capillary action 
technique. The insert shows progression in sizes from 12- to 25- to 
50-mm-wide ribbons. 
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other is an impervious SiC-coated die using Ultracarbon 
UT-86 graphite as a substrate. 


4.3 Evaluation of an SiC-coated Graphite Die 

The primary objective of growth runs 70413 through 70604 was 

to monitor the performance of a single SiC-coated graphite 

die. The graphite grade was Ultracarbon UT-86, and the 

impervious SiC coating was applied by the manufacturer. The 

die has been used for 24 growth attempts in 14 melt-down 

cycles and has produced 17 ribbons of total length 13.1 

meters. The SiC particle density for individual consecutive 

ribbons and also the accumulative density (total SiC 

particles/total area grown) are summarized in Fig. 1-51. 

-3 2 

The accumulative SiC particle density was 1.3 x 10 /cm 

after 2 x 10 3 /cm 2 of ribbon had been pulled and rose to 9 x 

10 -3 /cm 2 after 4.5 x 1 0 3 /cm 2 of ribbon had been grown from 

the die. After 6.5 x 10 3 /cm 2 of growth, the accumulative 

-2 2 

particle density was 1.6 x 10 /cm . The rise in 

accumulative particle density is largely due to two ribbons 

-2 2 

which had abnormally high densities of 7.1 x 10 /cm and 

^1 2 

1.3 x 10 /cm . One of these occurred during run 70601 in 
which the graphite heat shields were replaced. 

Discounting the two high density ribbons, the accumulative 

2 

SiC particle density was 3.7 x 10 /cm . Another way of 
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Fig. 1-51. Silicon carbide particle densities for 17 ribbons grown from 
a single SiC -coated graphite die. 
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expressing this result is that, on the average, one particle 
occurred after each 0.54 meter of growth. 


A statistical break-down of the die's performance is given 
in Table 1-5. 


TABLE 1-5. Statistical Break-down of Sic Particle Pick-up with 
SiC-coated Die 


Range of total 
SiC particle 
Count 

No. of ribbons 
with particles 
in the range 

Area of ribbons 
ttfith particles 
in the range 

Percentage 
of Total 
area grown 

0-60 

17 

6575 

100 

0-30 

16 

i 6120 

93 

0-10 

15 

5740 

37 

0- 2 

13 

4535 

69 

0 

7 

2570 

39 


-2 2 

SiC particle densities of < 3 x 10 /cm are not unusual in 

the CAST growth configuration with graphite dies, and upon 

occasion a ribbon is grown with no particles - particularly 

when a very high melt meniscus is maintained. However, the 

large number of ribbons with zero or <. 2 particles seen with 

the SiC-coated die has not been encountered before with 

graphite dies. The difference in particle pick-up between 

graphite and SiC-coated graphite dies is not thought to be 

M21 

related to a difference in solubility. The dissolution' 1 

( 2 ) 


and solid contamination 


characteristics of Sic and C in 
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silicon have been shown to be similar. The difference may 
be due to the nature of the nucleation sites for 
crystallization of excess SiC from the carbon-saturated 
liquid silicon at the SiC die top. If the SiC die material 
promotes better epitaxial adherence of SiC grown from 
solution than does graphite , then less free particulate SiC 
would be available in the meniscus region for incorporation 
in the growing ribbon. This concept has neither been 
verified nor disproved, as yet. 

4.4 Dopant Distribution in 50 mm Ribbons 

In sections 2.4.3 and 3.1.1, studies of spreading resistance 
on narrow silicon ribbons grown from various die 

configurations were reported. It was shown that 

open-channel dies (2-piece design) produce the most uniform 
transverse ribbon dopant distribution in 38 mm wide ribbons 
although a central band of higher dopant concentration still 
tended to be present as shown in Fig. 1-31 . We have done 
similar measurements on a 50 mm ribbon grown from a 2 -piece 

die and still find an enhanced dopant region in the 

■ ■ •> .. , I 7 . ' 7 / ' --.X ■" 7/ ■ : 

near-central area of /the ribbon. See Fig. 1-52. The 

■ 7 . - ■ 7 ■; 

transverse measurements were made on a lapped, 4.67° bevel 
surface extending across the width of the ribbon. The 
variation of spreading resistance with depth into the ribbon 
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was checked by making measurements down the bevel both near 
a high resistivity region (point A of Fig. 1-53) and a low 
resistivity region (point B) . In both cases , excellent 
uniformity was observed in the thickness dimension as can be 
seen in Figs. 53 and 54. 

4.5 Stress Levels in 50 mm Ribbons 


Since breakage of 50 mm ribbons during sawing has been a 
problem* runs 70506-70510 a few runs were made with thermal 
modifiers near the ribbon edges to. see if residual stress 
levels could be lowered. Stress levels were determined by 
splitting the ribbons at the tail-ends and measuring the 
split width, s, as a function of distance, L, from the tip 
of the wedge-shaped crack or split opening. This was also 
done for several thin older ribbons not grown with thermal 
modifiers. Stresses were calculated in two ways. One 

( 13 ) 

method, suggested by M. Leipold , is to use the 

expression 

a = W Y s ; (D 

4L 2 



2 

Where a is the stress in dynes/cm , W is the ribbon width, 
and Y is Young's modulus (1.9 x 10 12 dynes/cm 2 for (111) 
silicon]. Generally, maximal values of L were used. The 


' • ,1 
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Fig. 1-53. Spreading resistance as a function of depth into ribbon, 
measured, on bevel. Location of measurements corresponds 
to Point A on Fig. 1-52. 
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BEVEL - 4.67' 
INTERVAL -2.5m 
SPACING -33m 


RIBBON 70505 


I DEPTH (mm) 


Spreading resistance as a function of depth into ribbon, 
measured on bevel. Location of measurements corresponds 
to Point B on Fig. 1-52. 




second method was to find the seven coefficients for a 


sixth-order polynomial least-squares fit for s vs L. The 
first and second derivatives ds/dL and rs/dL were then 


evaluated, and the stress was calculated, as an average, 
over all values of L of the expression 


WY d 2 s/dL 2 
4 [1 + (ds/dL) 2 1 3/2 


as proposed by Hurley and Pollock' . The second method is 
very sensitive to the accuracy of the s-vs-L measurements 
and to the shape of the least-square-fit curve and gives 
generally larger and less consistent values. The results 


obtained are given in Table 1-6. 


TABLE 1-6. Stress Values in Silicon Ribbons 


W Y s WY d*g/dL 2 

Ribbon 4p 4 [1 + (ds/dL) ^J 3 / 2 

No. (dynes/cm 2 ) (dynes/cm 2 ) 


70308 

70417 

70508 

70509 


2.7 x 10° 

3.7 x 10 8 

4.8 x 10| 
3.5 X 10 B 


5 x 10® 

6 x 10° 


7 x 10* 


W (cm) 


4 .95 
4.95 
4.4 
4.7 


Minimum Growth 

Thickness Speed 
(mm) (mm/min) 





Ribbons 70508 and 70509 grown with the thermal modifier 
could not be brought to full width (hence they are thicker 
because of the CAST growth geometry). Their stress levels 
were no lower than those of the normally grown ribbons. All 
stress levels measured were moderate and of comparable 
magnitude to those seen in 25<? and 3 8 -mm growth. 

Even though measured stress levels in 50-mm-wide ribbons are 
only moderate, considerable breakage occurs when they are 
sawed into sections. A technique developed by F. Newman has 
reduced the saw breakage. The ribbon is intimately waxed to 
a lava substrate which has previously been waxed (with a 
higher-temperature wax) to an aluminum support bar. The bar 
can be mounted in a vise on a Micro-Mech. diamond sawing 
machine. A 7 . 6-cm-diameter x 0.19-mm- thick blade is used at 
450 RPM and at a lateral travel rate of 3 cm/min. The key 
to reducing breakage appears to lie in not cutting through 

O • ;• \ • . r: . . 

the entire ribbon thickness in a single pass. Rather, the 
cut is made in several passes with a 0.25-mm increase in 
depth per pass. . 

5.0 GROWTH OF 100 MM SILICON RIBBONS 

V ' •; -*rrrr ' ' : ' • .. , ... •" ' ; \ •• /.-/• ' 

5.1 Description of Experimental Apparatus 

It was necessary to construct a new furnace chamber for 100 


crystal 


mm ribbon growth. The chamber was designed to fit the 
hydraulic puller which had been used for 5 0-mm growth and it 
utilizes the same vacuum system. The design consists of a 
clear uncooled quartz chamber fitted with cooled metal 
endplates. RF heating with an exterior coil is used 
although provisions are made for an interior smaller coil if 
necessary. The hot-zone and pulling port will accommodate a 
100-mm maximum width. Numerous inert-gas, electrical, and 
sensor feed-throughs are provided for versatility. 

The sizing Of the hot- zone components is as follows: 


Max OD Min ID 

ITEM (rom) (gait) 

Crucible 113 108 

Susceptor 138 115 

Insulation 170 145 

Furnace Shell 193 181 


Because susceptor cracking during cool down had been an 
occasional problem in the 50 mm system, two steps were taken 
to prevent cracking in the 100 mm system. The crucible, 
which had been a flat-bottom type in the 50 mm system, was 
given a 305 mm (12 inch) radius bottom. The design is shown 
in Fig. 1-55. The crucible capacity is 500 grams. Another 
crack-prevention feature is the 2 -piece susceptor (items 33 







and 34 in Figure 56) . The cylindrical wall cam separate 
from the susceptor base during cool-down in lieu of 
cracking. The graphite hot-zone components have been 
durable, with the exception of the pedestal support (item 
31, Fig. 1-56) which tends to crack at the bottom, where it 
is threaded into the furnace base plate (item 3). 

The assembled furnace with the quartz bell jar for vacuum 
bake out (item 2) in place, but without the exhaust port 
(item 9) is depicted in Fig. 1-57. For size comparison, the 
furnace shell which had been used for 12-50 mm ribbon growth 
is also included in the figure. 

5.2 1 00 mm Growth Experiments 



In first tests of the 100 mm system, a 210 mm ID x 228 mm 
long, twelve-turn RF coil was used to outgas the graphite 
hot-zone components in vacuum. An RF generator power level 
of 34 kw (3 . 5 amps at 9 . 8 kv) was required to heat the 
system to 1510°C. In comparison, 9 kw was the power level 
required for the 50 mm system. When ribbon growth was 
attempted, in an argon ambient, ionization occurred before 
the growth temperature could be reached. The ionization 
occurred in the annular space between the quartz furnace 
shell and the thick-walled quartz insulator. An attempt to 




Assembly drawing of 100 


oon growth system 















mm Furnace 


100-nun Furnace 
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eliminate the ionization by placing a third quartz tube 
between the shell and insulator was only partially 
successful. Next, an attempt was made to lower the RF coil 
voltage and the generator output power. The coil inductance 

y 

was decreased from 17 pH to 10.8 pH (calculated values) by 
reducing the number of turns from 12 to 9, decreasing the 
diameter from 210 to 200 mm, and decreasing the length from 
228 to 175 mm. The required power was decreased by using 
two layers of 6.4 mm thick graphite felt insulation to 
completely fill the space between the furnace shell and the 
quartz insulator (items 1 and 30, Fig. 1-56) and by adding 
two layers of the same insulation to the top shield of the 
hot zone. These steps eliminate the ionization problem and 
reduced the power required for ribbon growth to about 16 
kW. However, rapid devitrification of the quartz insulator 
tends to occur in this configuration. 




4 


J 


A 2-piece die with top geometry similar to Fig. 1-1 was used 

for 100 mm growth experiments. The edge thickness (X ) was 

© 

1.52 mm, the middle .thickness, (X ) was 2.49 mm, and the 

* m 

deviation-from-f latness (6) was 1.8 mm. The 100 mm die and 
holder with its 50 mm, 38 mm, 25 mm, and 12.5 mm 
predecessors is shown in Fig. 1-58. 


100 mm seeding was achieved on run 71003 (see Appendix I), 
but the ribbon was very non-uniform in thickness. It was 
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Used Dies and Die Holders for 12.5 
wide Ribbon Growth. 


thick at the edges and the midregion but very thin at 6 to 


25 mm from each edge. As growth proceeded, these regions 


became progressively thinner and ultimately pulled free of 


the meniscus. A partial ribbon cross .section is shown in 
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To avoid the thinning effect, seeding was tried at 80 mm 
width in order to lower the melt meniscus. Ribbon width was 
gradually increased during the run. The thin regions were 
still present and got thinner as the width increased. The 
ribbon again pulled off at a width of 95 mm after 170 mm of 
growth. The ribbon shattered after falling out of the seed 
holder, but the pieces are shown in Fig. 1-60. Details of 
growth are given in Appendix I. 


| I The heat shields were modified to reduce the observed 

* 

f p thinning effect but have not yet been tested because the die 

f cracked, and a second die was apparently made of unsuitable 

| graphite. Die fabrication, from the correct type of 

f graphite, had not been completed by the contract termination 
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6.0 LARGE-GRAIN DIRECTIONAL SOLIDIFICATION OF SILICON 

During investigations of the usefulness of vitreous carbon 
as a die and crucible material, the feasibility of 
crack-free directional solidification of silicon was 
demonstrated. 

6 . 1 Experimental Procedure 

A 139 gram polycrystalline charge of silicon was placed in a 
50 mm diameter x 50 mm high vitreous carbon crucible along 
with sufficient boron to produce a 2 ft-cm average 
resistivity. Graphite rf susceptors and heat shields were 
arranged to establish a vertically increasing temperature 
gradient of about 35°C/cm, the top of the crucible being the 
hottest region. The system was heated to melt the silicon 
and then additionally heated to a temperature of 1680°C at 
the top melt surface. Since the melt was about 3 cm deep, 
the temperature at the bottom of the crucible was 
approximately 1575°C. The molten silicon was held at this 
temperature for 15 minutes. The system temperature was then 
decreased at a rate of 2 . 5°C/min while maintaining the 
vertical gradient until the entire charge had solidified 
(about 2 hours) . The cooling rate was then increased to 
20°C/min until the silicon temperature was 1000°C, at which 
time the power was turned off. The growth system was very 
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clean during this experiment (no silicon oxide fluff 

deposits as are typically present when using a quartz 

crucible) . 

6.2 Physical Characteristics of Directionally Solidified 
Silicon (DSS) 

Upon removal from the furnace, the solifidied silicon was 
found to be intact and free of cracks as can be seen in Fig. 
1-61. Several thin slices were sawed from the bottom 

and top of the cylindrical ingot. Small silicon carbide 

particles were found at the carbon/silicon interface on the 
crucible bottom. 

At a distance of 0.7 mm from the crucible bottom, the 
silicon grain distribution was as shown in Fig. 1-62. 
Grain size ranged from 0.05 mm to 2 mm, with 0.5 mm being a 
typical size. The silicon here was P-type, and 

resistivities ranged from 1. 4-5.0 ft-cm. 

At a distance of 2.5 cm from the crucible bottom, the grains 
were substantially larger (Fig. 1-63) . They ranged up to 4 
mm in size, with 1 mm being a typical size. Figure 1-64 is 
a photo of the opposite side of th‘e slice region shown in 
Fig. 1-63. The slice was 1.2 ram thick. As can be seen. 
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Fig. 1-61. 


Silicon directionally 
solidified (bottom to 
top) in a vitreous 
carbon crucible. 


\ -v 4. "T. •. . • .. - 




.■ M'- 




' 

1 

X 


> 1 

f 

JMJ M : 

! 


Fig. 1-62. 


Grain characteristics 
at 0.7-mm from crucible 
bottom (10X). 
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Fig. 1-63. Grain characteristics 
2.5-cm from crucible 
bottom (10X). 


Fig. 1-64. Opposite side of 1.2-mm 
thick wafer shown in 
Fig. 1-3. Some grains 
visible on both sides 
are numbered. 
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there is a substantial amount of vertical boundary 
behavior. Some of the grains visible from both sides of the 
slice are identified with corresponding numbers. The 
resistivity here ranged from 0.5-2. 1 fi-cm, P-type. 


Several wafers from the mid-region of the ingot are shown in 
Fig. 1-65. 
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Fig. 1-65. Two wafers from a 5-cm diameter 
directionally solidified silicon 



Since the grains are large and at least some of the 
boundaries are vertical, these wafers were processed into 2 
x 4 cm solar cells to ' determine their photovoltaic 
suitability. 

Under 1 00 mW/cm illumination from a Tungsten ELH lamp , the 
cells exhibited the following characteristics: 


v oc 

- 

.49-. 50 volts 




I SC 


14.9-15.6 ma/cm 2 




c ff 

- . 

0.51-0.56 




E 


4. 0-4. 2 % 


o 


The cells 

appeared 

to suffer from high contact 

resistance as 

well as 

leakage 

- the latter probably being 

due 

to grain 

boundary effects. 





It should 

be noted 

that the grain structure 

of 

this 

material 

is very 

similar 

to that reported 

by 

Fischer and 


Pschunder for the Wacker-Chemitronic non-single 
crystalline silicon upon which solar cells of up to 12.5% 
AMO efficiency were fabricated. 

6.3 Discussion 

Directional solidification or Bridgeman/Stockbarger crystal 
growth is an effective simple technique used for many metals 
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1 d6) 

and alkali .halide^' i . The container should be inert and 

t- ; . . •; . v. j 

the material to be grown should contract upon freezing or at 
least not stick to the crucible walls. Silicon with fused 
quartz crucibles, does neither and has not been successfully 
grown by this simple process Recently , additional 
attempts have been made using the traditional fused quartz 
containers, and cracking of the ingot is a serious problem. 
Some progress, however, has been made in eliminating the 
cracking by altering the quartz structure of the inner 
crucible wall . 

Silicon is capable of plastic deformation from the melting 
point (1415°C) down to about 650°c. Below that temperature, 
silicon responds to an increasing applied stress by 
deforming elastically until the fracture stress (cracking) 

is reached. In the temperature range 650° to 20°C, the 

thermal expansion coefficient monotonically decreases from 5 
x 10” 6 /°C to 2.4 x 1 <T 6 /°C almost linearly. Thus, when 
silicon is solidified and then cooled below 650°C in a 

Q uar tz crucible, the silicon shrinks at a much higher rate 
than the crucible (the thermal expansion coefficient of 
fused quartz is 0.55 x 10”®/°C in the temperature range 
15-1000°C). Since the silicon sticks to the quartz, 

cracking results as the silicon fracture stress is exceeded. 




In 1972, it was shown that graphite is a durable substrate 


in contact with liquid silicon provided that the density is 


greater than about 1.75 gm/cm and the grain size is less 

,( 12 ) 


than about 50 ym 


The degree of carbon contamination 

" ■■ ■ , ■ - :./• S..y 

of the silicon (about 20 ppm) is similar to the level of 


oxygen contamination when silicon is grown from conventional 
SiC >2 crucibles; however, unlike oxygen, carbon is not 
electrically active in silicon. 


Graphites are available with a wide range of thermal 


expansion coefficients (1.1 to 8.3 x 10”®/°C) , some being 


isotropic and some anisotropic. To avoid cracking of the 
silicon charge and/or the crucible, the graphite or carbon 
crucible should have a thermal expansion coefficient in the 


range 650°C to about 20°C which either matches that of 


silicon or else, on the average, produces the same 
dimensional change. 


The thermal expansion coefficient of vitreous carbon ranges 


from 3.5 x 10" 6 /®C at 650°C to 3.2 x 10” 6 /°C at 100°C (see 


Table 1-2) and has about the same average dimensional 
change as silicon in this range (at 650°C, the silicon 
shrinks more than the carbon with decreasing temperature, 
while near room temperature, the silicon shrinks less than 
the carbon with decreasing temperature) . 
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any cross-sectional ingot shape can be produced 


by using an appropriate container shape. In Fig. 1-66, a 

5 cm x 5 cm DSS wafer with rounded comers is shown. A much 


faster cooling rate of 1 5 C/rain was used in this case, and 


the solidification rate was about 16 grams/min. In this 


experiment, the thermal environment was such that the sides 
and surface of the molten silicon solidified once the system 


the molten core led to a fine grain structure in the center 


1-66. The volume 


A 5 -cm x 5-cm wafer, with rounded 
corners, from a directionally 
solidified silicon ineot. 






increase upon freezing of the trapped liquid core led to 
cracking at the top of the ingot , although the lower portion 
was intact. Thus , it is necessary to prevent a thermal 
inversion during cool down. 
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APPENDIX I 

SUMMARY OF RIBBON GROWTH EXPERIMENTS 
May 1975 to November 1977 


Run 

Width 

Die 

Experimental 


1 

No. 

mm 

Material 

variables 

Results 

s 

50516 

12.5 

Graphite 

DFP-3-2 

New die #05. Flat 
top thickness. 

0.25 mm capillary 
slot. Die holder, 
lower, upper 
shield #13. Pull 
speed 15 mm/min. 

43 cm ribbon 

i 

< 

i 

50517 

12.5 

DFP-3-2 

Repeat - operator 
training. 

26 cm ribbon a 25 mm/min 

l 

J 

50518 

12.5 

DFP-3-2 

Repeat 

No results. 


50519 

12.5 

DFP-3-2 

Repeat 

71 cm a 23 mm min 

N 

50520 

12.5 

DFP-3-2 

Repeat 

94 cm a 22 mm/min 


50521 

12.5 

DFP-3-2 

Remachined sus- 
ceptor shaft to 
level susceptor. 

No results - die flooded 

I 

50522 

12.5 

DFP-3-2 

Repeat 

No results 

1 

50523 

10 

DFP-3-2 

New die #05A 

No results 

j 

50524 

10 

DFP-3-2 

Repeat 

No results 


50525 

6.3 

DFP-3-2 

Cylindrical capil- 
lary die for 
silicon tube 
growth 

65 cm long tube a 
1 1 mm/min 

i 

j 

50526 

6.3 

DFP-3-2 

Repeat . Pull 
speed constant. 
Temp, increased 
in increments 

109 cm long tube a 
11 mm/min. Wall thick- 
ness decreases with in- 
crease in temp. 


0 

..... ■ 


* :at.rt« i *■ -.-a — ■* - 


.. 4 



50601 


6.3 


Froze 


DFP-3-2 Drilled six 1 cm 
dia. holes in die 
holder and shields 
on 39 mm dia. 
circle 

50602 6.3 DFP-3-2 Repeat. Vary pull 117 cm tube. Wall thick- 

speed from 13-21 ness decreases as speed 

mm/min. Temp. increases 

constant 


50603 

6.3 

DFP-3-2 

Repeat 

124 cm tube 

50604 

6.3 

DFP-3-2 

Repeat. Pull 
speed - 8 mm/min 

Froze 

50605 

6.3 

DFP-3-2 

Repeat 

Froze 

50606 

12 

Crystar* 

SiC 

Evaluate die 
made of SiC 

Irregular short ribbon 
grown 

50607 

12 

Crystar* 

SiC 

Repeat 

Same. Sensitive to temp, 
changes 

50608 

12.5 

DFP-3-2 

Die type 05. Top 
protrudes 1 mm 
above holder 

20 cm ribbon bad vi- 
bration 

50609 

12.5 

DFP-3-2 

Repeat 

No results 

50610 

12.5 

DFP-3-2 

Repeat 

24 cm a 24mm/min 

50611 

12.5 

DFP-3-2 

Repeat 

52 cm a 21 mm/min 

50612 

12.5 

DFP-3-2 

Repeat 

27 cm then froze 

50701 

25.4 

DFP-3-2 

Die, holder, 

No results 


shields, spacers 
#13 (Capillary 
action shaping 
technique die with 
radiused, beveled 
top and variable 
top thickness. 
Center is thicker 
than edges.) 
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50702 


25.4 DPP-3-2 Repeat 


No results, growth drifts 
to one edge of die. 


50703 

25.4 

DFP-3-2 

Repeat , thicker 
seed. 

50704 

25.4 

DFP-3-2 

Repeat 

50705 

25.4 

DFP-3-2 

Repeat 

50706 

25.4 

DFP-3-2 

Repeat . Rotated 
die 150° 

50707 

25.4 

DFP-3-2 

Repeat 

50708 

25.4 

DFP-3-2 

Repeat 

50709 

25.4 

DFP-3-2 

Repeat 

50710 

25.4 

DFP-3-2 

Repeat 

50711 

25.4 

DFP-3-2 

Thermal modifiers 
added . Same shape 
as die holder 12.5 
mm high. 6 mm 
wide, slot 38 mm 
long. 

50712 

25.4 

DFP-.3-2 

Same as run #50710 

50713 

25.4 

DFP-3-2 

Repeat 

50714 

25.4 

Graphite 

HPD-3-2 

New die #13 

50715 

25.4 

HPD-3-2 

Repeat 


No results, froze at 
20 nun width. 

No results, froze 

Could not control drift, 
froze towards front. 

Drifting problem not 
caused by die. Froze 
towards front, short 
ribbon. 

98 cm a 21 mm/min, 

25 mm wide 

No results 

Froze a full width 

75 cm a 21 mm/min. Split 
during scribing. Split 
width 1.1 cm after a 
distance of 57 cm. 

No results. Cannot see 
to seed. 


Froze 

Froze 

No results 


No results. Froze a full 
width 


32 





Die 


Run 

No. 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 


50716 

25.4 

HPD-3-2 

Repeat 

NO results. Froze 


50717 

25.4 

HPD-3-2 

Repeat 

Froze 


50718 

25.4 

DPP-3-2 

Die 05 , new quartz 
tube. Flat top 
EFG die. 

No results 


50719 

25.4 

DFP-3-2 

Same 50714 plus 
thermal modifier 
from run 50711 

No results 


50720 

25.4 

DPP-3- 2 

Repeat 

No results. Froze 
4 mm width 

a 

50721 

25.4 

DFP-3-2 

Repeat. 

No results. Froze 
21 mm width 

a 

50722 

25.4 

DFP-3-2 

Repeat. Varied 
coil position 

No results 


50723 

25.4 

DFP-3-2 

Same as 50714. 
No thermal 
modifier 

Susceptor broke, 
results 

No 

50724 

25.4 

DFP-3-2 

New die #13. Ad- 
justed coil 

77 cm a 17 mm/min 


50725 

25.4 

DFP-3-2 

Repeat 

22 cm a 22 mm/min 


50726 

25.4 

DFP-3-2 

Repeat 

No results 


50727 

25.4 

DFP-3-2 

Repeat 

No results 


50728 

25.4 

DFP-3-2 

Repeat 

No results 


50729 

25.4 

DFP-3-2 

Repeat 

No results 


50730 

25.4 

DFP-3-2 

Repeat. Doped 
2 ohm- cm 

86 cm a 16 mm/min. 
Edge thickness .67 
center thickness . 

mm, 
44 mm 

50801 

25.4 

DFP-3-2 

Repeat 

Froze 
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50802 

25.4 

DPP-3-2 

Repeat 

25 cm a 17 mm/min 

50803 

25.4 

DFP-3-2 

Repeat 

78 cm a 18 mm/min 

50804 

25.4 

DFP-3-2 

Repeat . Rotated 
die 180° 

20 cm a 21 mm/min 

50805 

9.5 

Crystar* 

SiC 

Evaluation of 
silicon carbide 
material 

50 cm a 16 mm/min. 
Surface seems smooth 

50806 

9.5 

Crystar* 

SiC 

Repeat 

81 cm a 17 mm/min 

50807 

9.5 

KT** 

SiC 

Evaluation of 
silicon carbide 
die material 

28 cm a 15 mm/min 

50808 

9.5 

KT** 

SiC 

Repeat 

34 cm 3 15 mm/min 

50809 

9. 5 

KT** 

SiC 

Repeat 

113 cm a 16 mm/min. 
Surface smooth but has 
SiC particles 

50810 

9. 5 

iia v 

Evaluation of 
Ref rax** silicon 

Melt will not rise in 
die capillary slot 


nitride bonded 
silicon carbide 
die 


50811 

9.5 

V 

Evaluation of 
boron carbide die 

35 cm ribbon, wets 
extremely well. Clean 
surface. Strong 
morphological features 
.004 ohm-cm, p-type 

50812 

9,5 

B 4 C 

Repeat 

No results 

50813 

9.5 

V 

Repeat , faster 
speed 

Pulled away from melt 

50814 

9.5 

Si 3 N 4 

Evaluation of 
silicon nitride 
die 

Melt wets surface, but 
will not rise in slot 


♦Trade Mark of Norton Industrial Ceramics Division 
♦♦Trade Mark of Carborundum Company 
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50815 

9.5 

ZrB 2 

Evaluation of 
zirconium boride 
die 

Short ribbon. Good melt 
rise, but die dissolves 

50816 

9.5 

TiB 2 

Evaluation of 
titanium boron die 

Short ribbon. Good melt 
rise, but die dissolves 

50817 

9.5 

TiB 2 

Repeat 

Froze 

50818 

9.5 

TiB 2 

Repeat 

Froze 

50819 

9.5 

tib 2 

Repeat 

Froze 

50820 

9.5 

TiB 2 

Repeat 

Same as 50816 

50821 

9.5 

TiB 2 

Repeat . Narrower 
slot in lower 
shield 

Same as 50816 

50822 

9.5 

TiB 2 

Repeat 

Same as 50816 

50823 

9.5 

TiB 2 

Repeat 

Same as 50816 

50824 

9.5 

TiB 2 

Repeat 

Same as 50816 

50825 

9.5 

Vitreous 

carbon 

Evaluation of 
vitreous carbon 
die 

44 cm long, narrow ribbon 
with dark coating on 
surface. Parallel 
twinning 

50826 

9.5 

Vitreous 

carbon 

Repeat. Die is 
1 . 5 mm lower in 
holder 

30 cm ribbon, same 
properties as above. 
Sic particles on 
surface 

50901 

25.4 

HPD-3-2 

Same hot zone as 
runs 50701-50725. 

Ribbon froze a 14 mm 
width 


Argon purge system 
modified by en- 
closing pull shaft 
in plastic bellows 
to completely con- 
tain ribbon in Argon 
during growth. 

System purged from 
top to bottom. 
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-1 


I 


17 CPH 


b 


Run 

No. 

Die 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 

.yp ....... • 

50902 

25.4 

HPD-3-2 

Repeat. Argon 
flow increased 
from 50 to 58 CFH 

Froze 

50903 

25.4 

HPD-3-2 

Repeat 

Froze 3 23 mm width 

50904 

25.4 

HPD-3-2 

Repeat 

Froze 

50905 

25.4 

HPD-3-2 

Repeat 

Froze at full width 

50906 

25.4 

HPD-3-2 

Repeat 

Short full width ribbon 
then froze 

50907 

25.4 

HPD-3-2 

Repeat 

Same as above 

'50908 

25.4 

HPD-3-2 

Repeat 

8 cm. Ribbon then froze. 
Ribbon drifts to front. 

50909 

. li . ■ 

25.4 

HPD-3-2 

Repeat. Increased 
pull speed 

50 cm 3 20 mm/min. 

Ribbon surface clean and 
melt clean ■ 

50910 

25.4 

DPP-3-2 

New die* In- 
stalled bubbler 
on argon outlet 
to create slight 
back pressure. 

Ribbon froze at full 
width 

■ " " . ' ■■ ■ ■ ■ , ' '■ O 

50911 

25.4 

DFP-3-2 

Repeat 

30 cm 3 19 rnm/min 

50912 

25.4 

DFP-3-2 

Repeat. Argon 
flow dropped to 
50 CFH 

Ribbon and melt still 
clean 

50913 

25.4 

DPP- 3-2 

Repeat 

Froze 

50914 

25.4 

DFP-3-2 

Repeat 

Froze 

50915 

25.4 

DFP-3-2 

Repeat 

Froze 

50916 

25.4 

DFP-3-2 

Repeat. Reduced 
argon flow to 

52 cm 318 mm/min. 
Ribbon still clean 




i 

rr 

I 
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Run 

No. 

Die 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 

50917 

25.4 

DFP-3-2 

Repeat 

Froze 

50918 

25.4 

DFP-3-2 

Repeat 

Froze 

50919 

25.4 

DFP-3-2 

Repeat 

93 cm a 18 mm/min. 


Ribbon and melt residue 
clean but powder build- 
up on heat shields 


1 . 

50920 

25.4 

DFP-3-2 

Repeat 

Froze 


f * 

i - 
1 .; 

50921 

25.4 

DFP-3-2 

Repeat 

Froze 


r 

50922 

25.4 

DFP-3-2 

Repeat 

Froze 


S': 

50924 

25.4 

DFP-3-2 

Repeat 

Froze 


pL 

50925 

25.4 

DFP-3-2 

Repeat 

Froze 


n ' 

50926 

25.4 

DFP-3-2 

Repeat 

35 cm 

a 13 mm/min 

Si 

r 7 ' 

u 

50927 

25.4 

DFP-3-2 

Repeat a faster 
pull speed 

40 cm a 25 mm/min. 
Fractured during handl 
ing. 

0 

50928 

25.4 

DFP-3-2 

Repeat a faster 
pull speed 

46 cm 

3 28-30 mm/min 

0 

51001 

25.4 

DFP-3-2 

Grew CZ crystal 
to check dopant 

— 


17 

51002 

25.4 

DFP-3-2 

Removed graphite 

Clean 

ribbon surface, 


drawtube. 60 CFH growth easy to control 

argon purge, from 

top 


51003 

25.4 

DFP-3-2 

Repeat 

Same 



51004 

25.4 

DFP-3-2 

Argon purge in- 

Froze 

at 1 5 mm 

width 




creased to 75 CFH 




51005 

25.4 

DFP-3-2 

Repeat 

Clean 

surface, 

50 cm 


long ribbon 

J 
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Run 

No. 

Die 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 

51006 

25.4 

DFP-3-2 

Repeat 

Froze 

51007 

25.4 

HPD-3-2 

Repeat , growth 
speed 1 5 mm/min 
New die. 

51 cm ribbon, 0.45 mm 
thick middle, 0.73 mm 
thick at edges 

51003 

25.4 

HPD-3-2 

Growth speed in- 
creased tO 22 
mm/min 

Ribbon 0.43 mm thick in 
middle, 0.66 mm thick 
at edges 

51009 

25.4 

HPD-3-2 

Continuation 

Froze 

51010 

25.4 

HPD-3-2 

Continuation 

Froze 

51011 

25.4 

HPD-3-2 

Continuation 

Froze - melt level too 
low 

51012 

25.4 

HPD-3-2 

Argon purge 75 CFH 
from bottom of 
furnace. Exhaust 
is draw tube and 
purge tube around 
ribbon. 

91 cm long ribbon. Easy 
to grow. Colored film 
on surface. 

51013 

25.4 

HPD-3-2 

Continuation 

20 cm ribbon as above 

51014 

25.4 

HPD-3-2 

New draw tube - 
02. Argon flow 
is 30 CFH from 
top. 

54 cm long ribbon. 
Clean surface. 

51015 

25.4 

HPD-3-2 

Argon flow 20 CFH 

85 cm long ribbon. 
Clean surface. 

51016 

25.4 

HPD-3-2 

New die . Removed 
draw tube - 02. 
Argon flow 20 CFH 
from top. 28 
mm/min pull speed 

Ribbon surface much 
rougher. 52 cm long 
ribbon. 0.39 mm thick 
in middle, 0.60 mm 
thick at edges 

51017 

25.4 

HPD-3-2 

Repeat , but 81.5 
mm/min pull speed 

Ribbon 0.26 mm thick 
in middle, 0.44 mm 


thick at edges. Rough 


Run 

No. 

Die 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 

51018 

25.4 

HPD-3-2 

Repeat, but 25 
mm/min pull speed 
65 CFH argon purge 

Ribbon smoother, .41 mm 
thick at middle and . 67 
mm at edges 

51019 

25.4 

HPD-3-2 

Same as above, but 
29 nun/min pull 
speed 

Ribbon 0.35 mm thick 
at middle. 0.55 mm 
thick at edges 

51020 

25.4 

IIPD-3-2 

Repeat 

Froze. Widened too fast. 

51 021 

25.4 

HPD-3-2 

New die. 19 
mm/min pull speed 

0.38 mm thick at middle, 
0.66 at edges 

51 022 

25.4 

HPD-3-2 

Repeat 

0.28 mm thick at middle, 
0.59 at edges 

51023 

25.4 

DFP-3-2 

Repeat, but 24 mm/ 
min. pull speed 

0.39 mm thick at middle, 
0.59 at edges 

51024 

25.4 

DFP-3-2 

Repeat , but 1 4 
mm/rain pull speed 

0.26 mm thick at middle, 
0.64 at edges 

51025 

25.4 

DFP-3-2 

Repeat, but 18 
mm/min pull speed 

0.22 mm thick at middle, 
0.56 at edges 

51026 

25.4 

DFP-3-2 

Repeat of 50916 
run conditions 

0.37 mm thick at middle, 
0.62 at edges 

51027 

25.4 

DFP-3-2 

As above, but 25 
mm/min speed 

0.26 mm thick at middle, 
0.52 at edges 

51028 

25.4 

DFP-3-2 

Continuation of 
above 

Froze 

51029 

25.4 

DFP-3-2 

Continuation - 
attempt 30 mm/min 
pull 

Froze. Could not grow at 
30 mm/min 

51030 

25.4 

DFP-3-2 

60 CFH argon purge 
from top. No draw 
tube. After 
heater - 01. 

Difficult to grow. Could 
not reach full width 
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51031 

25.4 

DPP-3-2 

Repeat 

Same problem 

51032 

25.4 

DFP-3-2 

Repeat 

Froze 

51033 

25.4 

DFP-3-2 

Repeat 

Grew 59 cm long ribbon, 
irregular width 

51034 

25.4 

DFP-3-2 

Repeat 

Grew 59 cm long ribbon, 
irregular width. Froze 
upon reaching 25 mm width 

51101 

25.4 

DFP-3-2 

Basic set-up, but 
with vertical, 
"parallel plates", 
after heater 
(22 mm wide x 
12 mm high, spaced 
4 . 7 mm) 

Ribbon froze to edge 
of die 

51102 

25.4 

DFP-3-2 

Repeat, new seed 

Grew 24 mm wide ribbon, 
but control is very 
unstable 

51103 

25.4 

DFP-3-2 

Repeat 

Ribbon froze to die 

51104 

25.4 

DFP-3-2 

Basic set-up, but 
with 12.6 mm high 
block graphite 
after heater. - 
Central opening 
t, jpers from 7 mm 
wide at bottom to 
18.5 mm at top . 

14 mm/min speed. 

Easy to grow, surface 
is duller. More Sic 
particles. Ribbon was 
deliberately split. 
Spread was 4 mm over 
a distance of 380 mm 

51105 

25.4 

DFP-3-2 

Repeat, at 20 mm/ 
min. Argon flow 
80 CFH 

Same general appear- 
ance. Split width was 
1.1 mm over a distance 
of 170 mm 

51106 

25.4 

DFP-3-2 

Repeat, 40 CFH . 
argon flow 

Froze 

JO 
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Run 

No. 

51107 

51108 

51109 

51110 

51111 

51112 

51113 

51114 

51115 

51116 


Width Die Experimental 

(mm) Material Variables Results 


25.4 DFP-3-2 Repeat, 15 mm/min 


49 cm ribbon, fewer 
Sic particles. Ribbon 
.50 mm thick at edges 
.28 at center 


25.4 DFP-3-2 


Height of Quartz 
insulator in- 
creased to 25.5 
cm (was 23) . 

After heater from 
51104 


Cooling water failure. 
Lost die and holder 


25.4 DFP-3-2 


New die, repeat 
of 51108 


Froze 


25.4 DFP-3-2 Repeat, 10 mm/min Grew 12 cm long ribbon, 

then froze. Split width 
was 0 . 5 mm over a 
distance of 130 mm. 
Thickness .55 to .50 mm 


25.4 DFP-3-2 Repeat 


Difficulty in spreading 
to full width 


25.4 DFP-3-2 Repeat 


Short ribbon . Much 
smaller temp, adjust- 
ment required to 
spread ribbon with 
this set-up 


25.4 DFP-3-2 Return to basic Froze out 

set-up (23 cm 
quartz insulator, 
no after heater, 

60 CFH argon flow 
to make ribbons 
for solar cell 
characterization 


25.4 

DFP-3-2 

Repeat, 

23 

mm/min 

48 cm ribbon; thickness 
.50 to .34 mm 

25.4 

DFP-3-2 

Repeat , 

20 

mm/min 

87 cm ribbon; thickness 
.57 to .30 

25,4 

DFP-3-2 

Repeat 



Froze upon reaching 


full width 


n 


I 
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51117 


Same as above 


25.4 DFP-3-2 Repeat, changed 

to 25.5 cm quartz 
insulator 


51118 

25.4 

DFP-3-2 

Repeat , 

2 1 mm/min 

57 

mm 

cm ribbon; 
thick 

.46 

to .29 

51119 

25.4 

DFP-3-2 

Repeat , 

22 mm/min 

54 

mm 

cm ribbon; 
thick 

.46 

to .28 

51120 

25.4 

DFP-3-2 

Repeat , 

23 mm/min 

21 

cm ribbon. 

then 

froze 

51201 

25.4 

DFP-3-2 

Return to 51108 
run conditions. 

16 

mm 

cm ribbon; 
thick 

.50 

to .35 


but with 60 CFH 
flow 20 mm/min 


51202 

25.4 

DFP-3-2 

Repeat, 12 mm/min 

60 cm ribbon; 
mm thick 

.52 to .42 

51203 

25.4 

DFP-3-2 

Repeat 

19 cm ribbon; 
mm thick 

.76 to .38 

51204 

25.4 

DFP-3-2 

Basic set-up, with 
12.5 mm high after 
heaters at ribbon 
edges (vertical, 

3 mm radius 
recesses milled 
out to surround 
ribbon edge 

Froze during 

spreading 

51205 

25.4 

DFP-3-2 

Repeat 1 8 mm/min 

36 cm ribbon; 
.50 ± .05 mm 

thickness 

51206 

25.4 

DFP-3-2 

Repeat 

Froze 


51207 

25.4 

DFP-3-2 

Repeat 

20 cm ribbon. 

then froze 

51208 

25.4 

DFP-3-2 

Repeat . 1 9 mm/min 

46 cm ribbon, 
mm thick 

.43 ± .07 

51 209 

25.4 

DFP-3-2 

Repeat . Argon 
flow reduced to 
40 CFH 

53 cm ribbon, 
1.1 mm over a 
distance 

split width 
200 mm 



51210 


25.4 DFP-3-2 


51211 


51212 


25.4 DFP-3-2 


25.4 DFP-3-2 


51213 25.4 DFP-3-2 


Repeat. 25.5 cm 
high quartz shield 
60 CFH argon flow. 
14 mm/min speed 


Repeat , but higher 
growth rate (23 
mm/min) 

Repeat 


Repeat . Approx . 
18 mm/min 


46 cm ribbon. Thicker 
in center (0.65 mm) than 
at edge (0.5). Three 
attempts made to split 
ribbon. In each case, 
the split veered to the 
edge and would not 
propagate axially 

Froze at 23 mm width. 
Difficult to control 


Froze again. Temp, control 
seems more critical with high 
quartz insulator 

32 cm ribbon. Difficult 
to control. Cross section 
thick at one edge, but then 
uniform 


51214 


25.4 DFP-3-2 


Repeat. 16-17 
mm/min 


55 cm ribbon. One edge 
slightly thicker (.45-41 mm 
at tail end) . 


51215 


25.4 DFP-3-2 


Die, holder, 
shields baked out 
4 hrs. at 1250 C 
in wet argon. 
Followed by normal 
vacuum bakeout. 
Basic set-up, but 
25.5 cm high 
quartz shield 


Froze out 


51216 

25.4 

DFP-3-2 

Repeat , 17 

mm/min 

39 cm ribbon, effect on 
efficiency to be determined 

51217 

25.4 

DFP-3-2 

Repeat 


57 cm ribbon, .75 to .47 mm 
thick 

51218 

25.4 

DFP-3-2 

Repeat . 1 8 

mm/min 

45 cm ribbon. .60 to 


.50 mm thick. 
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51219 


25.4 DFP-3-2 Repeat 


Froze , seed broke 


60101 

25.4 

DFP-3-2 

Die bake-out 4 hrs 
at 1250°C in wet 
argon plus an- 
hydrous HC1 

Die/holder flooded 
with Si 

60102 

25.4 

DFP-3-2 

Die bake-out 4 hrs 
at 1 250°C in dry 
argon plus an- 
hydrous HC1 

58 cm ribbon; effect 
on efficiency to be 
determined 

60103 

25.4 

DFP-3-2 

Repeat growth, 
same die 

57 cm ribbon 

60104 

25.4 

DFP-3-2 

Repeat growth, 
varied seed ori- 
entation 

60 cm ribbon 

60105 

25.4 

DFP-3-2 

Same set-up, added 
mock-up of proposed 
afterheater for uni- 
form thickness ( 1 4 
mm/min growth speed) 

55 cm ribbon, thickness 
uniform between 0.45 
and 0.50 mm 

60106 

25.4 

DFP-3-2 

Repeat, but at 23 
mm/min 

Froze out after 4 cm 
of growth 

60107 

25.4 

DFP-3-2 

Repeat 

Small contaminant 
particle lodged on die 
preventing growth 

60108 

25.4 

DFP-3-2 

New die and holder, 
repeat of bakeout 
conditions in 60101 

White powder coating on 
die and Si furnace tube 
after bakeout (probably 
SiO) . Scraped off. No 
ribbon 

60109 

25.4 

DFP-3-2 

Repeat - Same set-up 

No ribbon — froze out 

60110 

25.4 

DFP-3-2 

Repeat 

32 cm ribbon; effect on 
efficiency to be 
determined 

60111 

25.4DFP-3-2 

Set-up from run 60102 
grow full length ribbon 

94 cm ribbon 

60112 

25.4 

DFP 

Repeat 

90 cm ribbon 










Run 

No. 

Die 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results I 


60113 

25.4 

DFP-3-2 

60114 

25.4 

DFP-3-2 

60115 

25.4 

DFP-3-2 

60116 

25.4 

DFP-3-2 

60117 

25.4 

DFP-3-2 

60118 

25.4 

DFP-3-2 

60119 

25.4 

DFP-3-2 

60120 

25.4 

DFP-3-2 

60121 

25.4 

DFP-3-2 

60201 

25.4 

DFP-3-2 

60202 

25.4 

DFP-3-2 

60203 

25.4 

DFP-3-2 

60204 

25.4 

DFP-3-2 

60205 

25.4 

HPD-3-2 

60206 

25.4 

HPD-3-2 


Repeat 

Repeat 

Repeat 

Repeat 

Repeat, rotated die 
180° 

Repeat 

Repeat 

Repeat 

Repeat, same set-up 

Repeat, same 60121 

Thermal modifier No. 

8 . Coil spread to 
cover afterheater and 
die. 18 mm/min. 

Repeat, 14 mm/min 
Repeat 

Hand lapped die to 
.39 mm edge thickness 

Repeat 


Froze out 

33 cm ribbon - then 
froze out 

36 cm ribbon - then 
froze out 

31 cm ribbon - then 
froze out 

Still freezing out/ 
uneven spreading 

Froze out, no ribbon 

28 cm ribbon — then 
froze out 

95 cm ribbon 

Froze out, too little 
Si 


No results 

Smooth shiny surface. 
Thin in center. 96 
cm ribbon 


25 cm ribbon, then 
froze. Very low stress. 
Ribbon would not split 

Froze reaching full 
width 

Unable to make ribbon 
spread. Die edge touch- 
ing L shield 

9 cm ribbon, froze 
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Die 

Run Width Die Experimental 

No. {mm) Material Variables 


Results 


60207 25.4 HPD-3-2 


Die not centered in 
holder, touching edge 


No results 


60203 

25.4 

KT * S iC 

KT*SiC die. Top radi- 
used to 3.75 inches. 

No thermal modifier 

No results. Melt be- 
tween die and holder 

60209 

25.4 

KT*SiC 

Repeat . Grew ribbon 
from flooded die 

45 cm ribbon. Ribbon 
curved due to rubbing 
on lower shield 

6021 0 

25.4 

KT*SiC 

Repeat 

Froze 

6021 1 

25.4 

KT*SiC 

Repeat 

Froze 

60212 

25.4 

DFP-3-2 

Standard procedure 

55 cm ribbon a 17 
mm/m in 

60213 

25.4 

DFP-3-2 

Standard procedure 

77 cm ribbon a 20 
mm/min 

60214 

25.4 

DFP-3-2 

Thermal modifier No. 
8 . Measured thermal 
vertical gradient 

Machine problem. No 
results 

60215 

25.4 

KT*5iC 

Cleaned die in HF 24 
hr. (die from run 
60208) 

No results 

60216 

25.4 

KT+SiC 

Repeat 

40 cm ribbon a 19 
mm/min 

60217 

25.4 

KT*SiC 

Repeat 

18 cm ribbon a 20 
mm/min 

60218 

25.4 

KT*SiC 

SiC die with thermal 
modifier 08 

No results. Edge 
of die too cold 

60219 

25.4 

KT*SiC 

Repeat 

No results 

60220 

25.4 

KT*SiC 

Repeat 

No results. Froze a 
7 mm width 

60301 

25.4 

KT*SiC 

Repeat 

No results 

60302 

25.4 

KT*SiC 

Repeat 

No results 

Trade 

Mark of 

Carborundum Company 
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60303 

25.4 

DFP-3-2 

Standard procedure 

55 cm a 17 mm/min 

60304 

25.4 

DFP-3-2 

Repeat. Ribbon was 
split for stress 
measurements 

55 cm a 20 mm/min. 
Stress results simi- 
lar to those with 
thermal modifier #5 

60305 

25.4 

DFP-3-2 

Standard procedure 
with thermal modifier 
#8 and 3 mm seed. 
Neck-in sharply after 
seeding 

Single crystal short 
distance at seeding 

60306 

25.4 

DFP-3-2 

Repeat 

No results 

60307 

25.4 

DFP-3-2 

Thermal modifier #8 

No results. Ribbon 
drifts to right 

60308 

25.4 

DFP-3-2 

Repeat after adjust- 
ing rf coil 

No results 

60309 

25.4 

DFP-3-2 

Std . procedure 
(Thermal modifier #5) 

53 cm a 16 mm/min* 
Uniform thickness 
within 655, at .45 mm 

60310 

25.4 

DFP-3-2 

Repeat, faster pull 
speed 

23 cm a 20 mm/min, 
again uniform thick- 
ness (.39 mm) 

60311 

25.4 

DFP-3-2 

Repeat 

No results, froze 

60312 

25.4 

DFP-3-2 

Repeat 

41 cm a 21 mm/min, 
thickness is again 
uniform (.35 mm) 

60313 

25.4 

DFP-3-2 

Argon flow increase 
from 50 CFH to 67 CFH. 
Thermal modifier #5 

No results, froze. 
Argon affects direc- 
tion of spreading 

60314 

25.4 

DFP-3-2 

Repeat 2 50 CFII argon 
flow 

No results, froze, 
right side 

60315 

25.4 

DFP-3-2 

Repeat a 17 CFH argon 

No results, froze 


i m fiow 


i \ n 

i- ■ ! i i 
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Width Die Experimental 
(mm) Material Variables 


Results 


60316 25.4 DFP-3-2 


60317 25.4 DFP-3-2 


New die and graphite 
components . Die top 
is .52 mm thick at 
edges, .99 mm at middle 

Repeat, ribbon drift- 
ing to right. Argon 
flow 50 CFH 


No results, froze right 
side 


Not able to keep 
centered. Used up 
all travel and 
froze 


60318 

25.4 

DFP-3-2 

R6P6dt f 

90 6 

rotated die 

44 cm a 18 mm/min 

60319 

25.4 

DFP-3-2 

Repeat 


No results, froze upon 
reaching full width 

60320 

25.4 

DFP-3-2 

Repeat 


55 cm 3 22 mm/min 

60321 

25.4 

DFP-3-2 

Repeat , 
seed 

<1 1 1 > (112) 

No results, froze 

60322 

25.4 

DFP-3-2 

Repeat , 
coil 

adjusted RF 

57 cm a 23 mm/min. 
Edge thickness .41, 
middle .25 mm 

60323 

25.4 

DFP-3-2 

Repeat , 
speed 

faster pull 

29 cm a 29 mm/min. 
Edge thickness .32, 
center .22 mm 

60324 

25.4 

DFP-3-2 

Repeat 


54 cm 3 26 mm/min. 
Edge thickness .32, 
center .24 mm 

60325 

25.4 

DFP-3-2 

Repeat 

seed 

<110> (100) 

18 cm 3 20 mm/min. 
Edge thickness .50, 
center .40 mm 

60326 

25.4 

DFP-3-2 

Repeat 


38 cm 3 18 mm/min 

60327 

25.4 

DFP-3-2 

Repeat 


No results, froze 

60328 

25.4 

DFP-3-2 

Std. procedure 

35 cm a 23 mm/min 

60329 

25.4 

DFP-3-2 

Repeat 


65 cm a 23 mm/min 

60330 

25.4 

DFP-3-2 

Repeat 


43 cm a 27 mm/min 




Run 

No. 

Die 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 


60331 

25.4 

DPP-3-2 

Thermal modifier #5 

No results, froze 


60332 

25.4 

DPP-3-2 

Repeat 

No results, froze 


60333 

25.4 

DPP-3-2 

Repeat 

No results, froze 


60334 

25.4 

DPP-3-2 

Std procedure, removed 
thermal modifier 

No results, froze 


60335 

25.4 

DFP-3-2 

Repeat adjusted RF coil 

No results, fi-oze 


60336 

60337 

25.4 

25.4 

DFP-3—2 

DPP-3-2 

Repeat 

Repeat 

No results, froze 
52 cm a 20 mm/min. 
.5 mm a edge, 

.22 mm 3 center 


60338 

25.4 

DFP-3-2 

Repeat 

No results, froze 
reaching full width 

60339 

25.4 

DPP- 3-2 

Std procedure . Ad- 
justed RF coil because 
of uneven spreading 

No results 


60340 

25.4 

DFP-3-2 

Repeat 

No results, froze 
full width 

a 

60341 

25.4 

DPP-3-2 

Repeat 

55 cm a 23 mm/min 


60342 

25.4 

DFP-3-2 

Repeat, increased pull 
speed to 28 mm/min 

No results, froze 
full width 

a 

60343 

25.4 

DFP-3-2 

Repeat, reduced pull 
speed to 20 mm/min 

No results, froze 
full width 

a 

60401 

25.4 

DFP-3-2 

Std procedure 

56 cm a 19 mm/min 


60402 

25.4 

DFP-3-2 

Repeat 

57 cm 3 24 mm/min 


60403 

25.4 

DFP-3-2 

Repeat at faster pull 
speed 

No results, froze 
a seeding 


60404 

25.4 

DFP-3-2 

Repeat 

76 cm a 27 mm/min 
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60405 25.4 DFP-3-2 Std procedure 


No results, froze 


60406 

25.4 

DFP-3-2 

Repeat 

60407 

25.4 

DFP-3-2 

Repeat increased speed 
while lowering temp, 
after full width 

60408 

25.4 

DFP-3-2 

Repeat at faster speed 

60409 

25.4 

DFP-3-2 

Repeat at faster pull 
speed 


60410 

25.4 

DFP-3-2 

25 cm quartz insu- 
lator, thermal modi- 
fier #5, new die 

6041 1 

25.4 

DFP-3-2 

Repeat 

60412 

25.4 

DFP-3-2 

Repeat 

60413 

25.4 

DFP-3-2 

Repeat 

60414 

25.4 

DFP-3-2 

Std procedure, 23 cm 
quartz insulator. No 
thermal modifier 

60415 

25.4 

DFP-3-2 

Repeat 

60416 

25.4 

DFP-3-2 

Repeat 

60417 

25.4 

DFP-3-2 

Repeat 

60418 

25.4 

DFP-3-2 

Repeat , seed < 1 2 1 > 
(111) 

60419 

25.4 

DFP-3-2 

Repeat 


56 cm a 21 mm/min 

56 cm 3 from 26-29 
mm/min 


65 cm a 32 mm/min. 

.3 mm thick a edge, 

.15 a center 

48 cm 3 33-36 mm/min. 

.35 mm thick a edge, 

.10 mm center. Note: 

9.4 meter of ribbon 
grown with this die 

i 

No results, froze if 


No results, froze f 

No results, froze 

No results, froze [ 

56 cm a 27 mm/min * 


No results, froze 

58 cm a 29 mm/min 

No results, froze 
full width 

54 cm a 26 mm/min 


I. 


a 


56 cm a 30 mm/min. 
.32 mm thick 3 edge, 
. 1 mm a center 


60419 



Die 


Run 

No. 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 

60420 

25.4 

DFP-3-2 

Repeat 

32 cm a 30 mm/min. 
.35 mm thick a edge. 
. 1 mm center 

60421 

25.4 

DFP-3-2 

New die baked out 3 
1225°C in argon/HCl 

50 cm 3 20 mm/min 

60422 

25.4 

DFP-3-2 

Repeat same die 

52 cm a 25 mm/min 

60423 

25.4 

DFP-3-2 

Repeat 

No results, froze 

60424 

25.4 

DFP-3-2 

Repeat 

No results, froze 

60425 

25.4 

DFP-3-2 

Repeat 

No results, ribbon 
drifts to right 

60426 

25.4 

DFP-3-2 

Repeat 

No results, froze 

60427 

25.4 

DFP-3-2 

Repeat 

No results, froze 

60428 

25.4 

DFP-3-2 

Repeat , rotated die 
90° 

No results, froze 

60429 

25,4 

DFP-3-2 

Std procedure adjusted 
RF coil spacing 

No results, froze 

60430 

25.4 

DFP-3-2 

Repeat 

No results, ribbon 
drifts to right and 
froze 

60431 

25.4 

DFP-3-2 

Repeat 

No results, same as 
above 

60432 

25.4 

DFP-3-2 

Std. procedure, 
rotated die 180° 

55 cm a 23 mm/min, 
less drifting 
less drifting 

60433 

25.4 

DFP-3-2 

Repeat 

No results, froze 

60434 

25.4 

DFP-3-2 

Repeat 

No results, froze. 
Drifting to right 
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Die 

Run Width Die Experimental 

No. (mm) Material Variables Results 


60435 

25.4 

DPP-3-2 

60436 

25.4 

DPP-3-2 

60437 

25.4 

DFP-3-2 

60438 

25.4 

DFP-3-2 


60439 

25.4 

DFP-3-2 

60440 

25.4 

DFP-3-2 

60441 

25.4 

DFP-3-2 

60442 

' 25.4 

DFP-3-2 

60443 

25.4 

DFP-3-2 

60444 

25.4 

DFP-3-2 

60445 

25.4 

DFP-3-2 

60446 

25.4 

DFP-3-2 

60447 

25.4 

DFP-3-2 

60448 

25.4 

DFP-3-2 

60449 

25.4 

DFP-3-2 

60450 

25.4 

DFP-3-2 

60451 

25.4 

DFP-3-2 

60452 

25.4 

DFP-3-2 


Repeat 

New die . Std pro- 
cedure 

Repeat 

Repeat 

Std procedure 

Repeat 

Repeat 

Std procedure 
Repeat 
Repeat 
Repeat 

Std procedure 

Repeat 

Repeat 

Std procedure 

Repeat , adjusted coil 

Repeat, using die 
from run 60435 

Repeat 


No results, froze 
53 cm a 28 mm/min 

53 cm a 23 mm/min 

43 cm 3 32-36 mm/min 
.28 mm thick a edge 
.18 a center 

54 cm a 25 mm/min 
56 cm a 25 mm/min 
No results, froze 
16 cm 3 23 mm/min 

38 cm 3 24 mm/min 

39 cm a 25 mm/min 
No results 

56 cm a 22 mm/min 

58 cm a 21 mm/min 

53 cm a 23 mm/min 

No results, ribbon 
drifting 

Seed broke, ruined 
die 

No results, froze 
No results, froze 


60453 


25.4 DFP-3-2 Repeat, rotated die 

180° 


No results, froze 


60501 

38 

DFP-3-2 

New die 38 mm wide 
(# 15) with five 
0.80 mm dia. capil- 
lary holes 

No results, froze 
a 26 mm width 

60502 

38 

DFP-3-2 

Repeat 

No results, froze 
a 25 mm width 

60503 

38 

DFP-3-2 

Repeat 

No results, froze 
a 24 mm width 

60504 

38 

DFP-3-2 

Repeat 

No results, froze 

60505 

38 

DFP-3-2 

Repeat 

10 cm a 16 mm/min 

60506 

38 

DFP-3-2 

Std for 38 mm die 

44 cm a 17 mm/min. 
.5 mm thick a edge 
.65 mm a center 

60507 

38 

DFP-3-2 

Repeat 

No results, froze 

60508 

38 

DFP-3-2 

Repeat, raised coil 

No results, froze 

60509 

38 

DFP-3-2 

Std for 38 mm die 

No results, froze 

6051 0 

38 

DFP-3-2 

New die. Std for 
38 mm 

No results 

6051 1 

38 

DFP-3-2 

Repeat 

36 cm a 18 mm/min. 
Resistivity de- 
creases in regions 
between capil- 
lary holes 

60512 

38 

DFP-3-2 

Std for 38 mm die 

No results 

60513 

38 

DFP-3-2 

Repeat 

No results 

60514 

38 

DFP-3-2 

38 mm die cleaned in 

No results 


3:2:1 etch over 
weekend 
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Run 

NO. 

Die 

Width 

(ram) 

Die 

Material 

Experimental 

Variables 



Results 

60515 

25.4 

DFP-3-2 

Std procedure 
die 

25.4 

rm 

No results 

60516 

25.4 

DFP-3-2 

Repeat 



No results 

60517 

25.4 

DFP-3-2 

Repeat 



20 cm a 22 mm/min 

60518 

25.4 

DFP-3-2 

Std procedure 



No results 

60519 

25.4 

DFP-3-2 

Repeat 



No results 

60520 

25.4 

DFP-3-2 

Std procedure 
25.4 ram 

, new 

die 

58 cm S 18 mm/min 

60521 

25.4 

DFP-3-2 

Repeat 



91 cm a 21 mm/min 

60422 

25.4 

DFP-3-2 

Repeat 



90 cm a 20 mm/min 

60523 

25.4 

DFP-3-2 

Repeat 



60 cm a 23 mm/min 

60524 

25.4 

DFP-3-2 

Std- procedure 25.4 mm 
die <121 > (101) seed 

No results, froze a 
full width 

60525 

25.4 

DFP-3-2 

Repeat 



55 cm a 21 mm/min. 
.45 mm thick a edge. 
.40 a center 

60526 

25.4 

DFP-3-2 

Repeat < 1 1 0 > 

(112) 

seed 

58 cm a 24 mm/min 

60527 

25.4 

DFP-3-2 

Repeat 



81 cm a 23 mm/min 

60601 

38 

DFP-3-2 

Std procedure 
die 

38 mm 

No results, froze 

60602 

38 

DFP-3-2 

New die 



Froze a full width 

60603 

38 

DFP-3-2 

Repeat 



38 cm a 17 mm/min 

60604 

38 

DFP-3-2 

Repeat 



Froze 

60605 

38 

DFP-3-2 

Repeat 



No results, froze 
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6.3 cm a 18 mm/min 


60606 

25.4 

DFP-3-2 

60607 

25.4 

DFP-3-2 

60608 

25.4 

DFP-3-2 

60609 

25.4 

DFP-3-2 

60610 

25.4 

DFP-3-2 

6061 1 

25.4 

DFP-3-2 


60612 

25.4 

DFP-3-2 

60613 

25.4 

DFP-3-2 

60614 

25.4 

DFP-3-2 

60615 

25.4 

DFP-3-2 

60616 

25.4 

DFP-3-2 

60701 

25.4 

DFP-3-2 

60702 

25.4 

DFP-3-2 

60703 

25.4 

DFP-3-2 

60704 

25.4 

DFP-3-2 

60705 

25.4 

DFP-3-2 


Top of capillary slot 
modified to vee grove 
using a 184 mm dia. 
grinding wheel with a 
45° included angle 

Repeat 

Repeat 

Repeat 

Repeat 

Repeat. Raised rf 
coil 

Repeat 

Repeat 

Repeat 

Repeat 

Repeat 

New die. Duplication 
of 60606. Baked out 
in argon/HCl 

Repeat 

Repeat 

Repeat 

Repeat. New RF coil 


1 


Froze 

Froze 

Froze 

Froze 

50 cm a 20 mm/min. 
Broad central dip in 
transverse resistiv- 
ity profile 

65 cm a 23 mm/min 

Froze 

48 cm a 20 mm/min 
91 cm 3 20-26 mm/min 
No results 
No results 

85 cm a 18 mm/min. 
.50 mm thick at 
edge, .51 mm center 

Froze at full width 

Froze 

57 cm a 22 mm/min 
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Die 


Run 

No. 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 

60706 

25.4 

DPP-3-2 

Repeat 

94 cm 3 24 mm/min 

60707 

25.4 

DFP-3-2 

Repeat 

Froze 

60708 

38 

DFP-3-2 

Std procedure 

Froze during seeding 

60301 

38 

DFP-3-2 

New die, 13B with 152 
mm top curvature, 

.68 mm edge thickness 
and 0.4 mm capillary 
slot 

53 cm a 14 mm/min. 
.64 mm thick at edge 
.68 mm center 

60802 

38 

DFP-3-2 

Repeat 

6 cm a 1 3 mm/min 

60803 

38 

DFP-3-2 

Repeat 

22 cm 3 17-19 mm/min 

60804 

38 

DFP-3-2 

Repeat 

29 cm a 16 mm/min 

60805 

38 

DFP-3-2 

Repeat 

No results 

60806 

38 

DFP-3-2 

Repeat 

Froze a full width 

60807 

38 

DFP-3-2 

Repeat. Rotated die 
180° 

1 6 cm 321 mm/min 

60808 

38 

DFP-3-2 

New die #13B. Std 
procedure 

Edge of die touched 
lower shield. Could 
not run 

60809 

38 

DFP-3-2 

Repeat . Filed away 
lower shield where 
die touched 

59 cm a 16 mm/min. 
Ribbon shattered 
during handling 

60810 

38 

DFP-3-2 

New die #15A 

10 cm a 13 mm/min. 
Rough ribbon surface 

60811 

38 

DFP-3-2 

Repeat. Seed < 1 2 1 > 

26 cm a 16 mm/min 

60812 

38 

DFP-3-2 

Repeat 

Ribbon drifting. 
Froze 3 full width 
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Die 


Run 

No. 

Width 

(nun) 

Die 

Material 

Experimental 

Variables 

Results 

60901 

33 

DFP-3-2 

Four port argon 
thermal modifier 
system used . Open 
pull port. Bellows 
removed 

No results * Froze 

60902 

38 

DFP-3-2 

New die #13B plus 
argon thermal modifier 

Demonstrated that 
drifting could be re- 
versed by changing 
argon flow 

60903 

38 

DFP-3-2 

Repeat, evaluate argon 
thermal modifier 

No ribbon 

60904 

38 

DFP-3-2 

Repeat 

No results. Center of 
die too hot compared 
to edges 

60905 

25.4 

DFP-3-2 

Argon thermal modifier 
used with flat die 

No results. Froze 

60906 

25.4 

DFP-3-2 

Repeat 

Froze 

60907 

25.4 

DFP-3-2 

Repeat using full 
width seed . < 1 1 0 > 

(100) 

Froze 

60908 

25.4 

DFP-3-2 

Repeat a faster pull 
speed (17mm/min) 

Edge colder than center 
Ribbon pulled out in 
center 

60909 

25.4 

DFP-3-2 

Repeat. Spreading 
responds to argon 
flow changes 

Ribbon froze after short 
distance 

60910 

25.4 

DFP-3-2 

Repeat. Slow pull 
speed and higher argon 
flow at ends of ribbon 

Froze after short 
distance 

60911 

25.4 

DFP-3-2 

Repeat 311 mm/min 

Meniscus hotter in 
center, ribbon pulled 
out 

60912 

25.4 

DFP-3-2 

Repeat 3 5 mm/min 

Same as above 
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Die 


Run 

No. 

Width 

(mm) 

Die 

Material 

Experimental 

Variables 

Results 

60913 

25.4 

DFP-3-2 

Repeat a 9 mm/m in 

Same as above. Center 
region too hot 

60914 

25.4 

DFP-3-2 

Repeat, rotated die 
180°. Speed 15 mm/min 

Meniscus still too hot 
in center 

60915 

25.4 

DFP-3-2 

Repeat , upper and 
lower shield openings 
modified to navette 
shape. Argon flow 
about 3 CFH di- 
rected a ends of die 

112 cm ribbon a 14 
mm/min. Very smooth 
surface, few SiC 
particles 

60916 

25.4 

DFP-3-2 

Repeat 

90 cm a 14 mm/min 

60917 

25.4 

DFP-3-2 

Repeat with diffuse 
argon flow of 25 CFH 
from bottom of furnace 
in addition to flow a 
die ends 

83 cm a 14 mm/min 

60918 

25.4 

DFP-3-2 

Repeat of conditions 
in 60915. Study 
width response to 
argon flow changes 

Good response of 
ribbon width changes 
to argon flow 

60919 

38 

DFP-3-2 

New die #15A. 

Power failure of rf 
system 

60920 

38 

DFP-3-2 

Repeat 

Die chipped, could 
not reach full width 

60921 

38 

DFP-3-2 

New die #13B. Finer 
resolution argon flow 
meters installed. 
Argon flow a die ends 
3 CFH 

47 cm a 14 mm/min 

60922 

38 

DFP-3-2 

Repeat 

No results 

60923 

38 

DFP-3-2 

Repeat 

Froze 

60924 

38 

DFP-3-2 

Repeat with argon flow 
of 1.5 CFH a die ends 

42 cm a 13 mm/min 
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Width Die Experimental 

(mm) Material Variables Results Jj 


60925 

38 

DFP-3-2 

Repeat with argon flow 
of 3.5 CFH a die ends 

Froze 

60926 

38 

DFP-3-2 

Repeat. Rotated die 
90°. 

45 cm a 14 mm/min 

60927 

38 

DFP-3-2 

Repeat, same die as 
used in run #60918 

20 cm a 17 mm/min 

60928 

38 

DFP-3-2 

Repeat 

Ribbon froze at 
speed of 19 mm/min 

60929 

38 

DFP-3-2 

Repeat, attempting 
higher pull speed 

Seed broke and 
ruined die 

61 001 

38 

DFP-3-2 

New die #15A. 

67 3 15 mm/min 

61 002 

38 

DFP-3-2 

Repeat at 16 to 
1 8 mm/m in 

No results 

61 003 

38 

DFP-3-2 

Repeat 

75 cm a 17 to 27 
mm/min. At 27 mm/min 
edge thickness is 
.55 mm. Center thick 
ness is .38 mm 

61 004 

38 

DFP-3-2 

Repeat at 25-30 mm/min 

No results, froze 

61 005 

38 

DFP-3-2 

Repeat 

Froze 

61 006 

38 

DFP-3-2 

Repeat 

35 cm 3 25 mm/min. 


.45 mm thick at edge, 
.40 at center 


61007 

33 

DFP-3-2 

Repeat 

No results, froze 

61 008 

38 

DFP-3-2 

Repeat a 20 mm/min 

37 cm 3 20 mm/min. 
Smooth surface 

61 009 

38 

DFP-3-2 

New 2 piece die 
17-38A 

No results, froze 

61010 

38 

DFP-3-2 

Repeat 

122 cm 3 13-20 mm/min 
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Width 

Die 

Experimental 


(mm) 

Material 

Variables 

Results 


61011 38 


DFP-3-2 


61 012 

38 

DFP-3-2 

61 013 

38 

DFP-3-2 

61 014 

38 

DFP-3-2 

61 015 

38 

DFP-3-2 

61016 

38 

DFP-3-2 

61017 

38 

DFP-3-2 

61018 

44 

DFP-3-2 

61015 

44 

DFP-3-2 

61020 

50 

DFP-3-2 

61 021 

50 

DFP-3-2 

61022 

50 

DFP-3-2 

61 101 

50 

DFP-3-2 


Repeat 


Repeat a 30 mm/min 
Repeat 


Repeat. Argon flow 
die ends 6 CFH 


Repeat 

Repeat a 25 mm/min 


Repeat 


New setup for 50 mm 
growth 


Repeat 


New 2 piece die 
#2P501 


Repeat 

Repeat 


New die 2P502. Shield 
slots opened to form a 
navette shape 


100 cm a 22-25 mm/min 
.45 mm thick at edge, 
.35 mm center. Less 
variation in trans- 
verse dopant profile 
than with one piece 
die 


No results 
No results 


80 cm a 25-30.5 mm/min 
.45 mm thick at edge, 
.25 mm center 


No results, froze 


50 cm. Controlled 
width with argon flow 
rather than temp. 


131 cm a 25 mm/min 
Froze a 40 mm width 


25 mm 3 15 mm/min. 
Width 43-44 mm. 
Smooth surface 


Froze reaching 44 mm 
width 


Same as above 
No results 


109 cm ribbon. 50 cm 
wide a 14 mm/min 



Die 


Run 

Width 

Die 

Experimental 


No. 

(mm) 

Material 

Variables 

Results 

61102 

50 

DFP-3-2 

Repeat of 61101 

Ribbon separated from 




conditions 

die after 1.5 cm of 
growth 

61103 

50 

DFP-3-2 

All components care- 

Could not grow with- 




fully aligned. Die 

out freezing to die. 




rotated 90° from 
run 61102 

Die damaged 

61201 

38 

DFP-3-2 

Gain experience with 

91 cm x 38 mm ribbon 




38 mm die while wait- 
ing for 50 mm dies 

grown at 19 mm/min 

61202 

38 

DFP-3-2 

Die has 0.75 mm dia- 

80 cm x 38 mm ribbon 




meter capillary holes 
and 101 mm radius top 
(die for fun 61201 had 

grown at 1 8 mm/min 




0.38 mm capillary slot 
and 152 mm radius top 


61203 

38 

DFP-3-2 

Repeat at faster speed 

Froze at 23 mm/min 
speed and 24 mm width 

61204 

38 

DFP-3-2 

Repeat 

Identical results 

61205 

38 

DFP-3-2 

Die with 1.05 mm edge 

Heavy residue from 




thickness, 1.93 mm 

vacuum bake-out. 




central thickness, 
and 254 mm top radius 

Grew 90 cm x 49.4 mm 
ribbon, 0.72 mm thick. 
Ribbon has very heavy 
SiC particle density 
(7.5/cm 2 ). Ribbon 
split while being 
measured 

61206 

50 

DFP-3-2 

New die. Baked out 

95 cm long ribbon. 




under argon flow in- 

similar to 61205 




stead of vacuum 

(high SiC density) . 
Growth speed 1 6 mm/min 

61207 

50 

DFP-3-2 

Same die. Checking to 

SiC density was 




if rerunning die and 

reduced 


slower growth speed 
(9 mm/min) affect 
SiC density 
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Die 

Run Width Die Experimental 

No. (mm) Material Variables Results 


61208 

50 

DFP-3-2 

61209 

50 

DFP-3-2 

61210 

50 

DFP-3-2 

6121 1 

50 

DFP-3-2 

70101 

50 

DFP-3-2 

70102 

50 

DFP-3-2 

70103 

50 

DFP-3-2 


70104 

50 

DFP-3-2 

70106 

50 

DFP-3-2 


Same die. Checking to 
see if rerunning die 
and faster growth 
speed affect Sic 
density (speed = 24 
mm/m in 

New die, 2P502. Baked 
out in argon 

Same conditions. 

15-18 mm/min growth 
speed 

Same die, repeat 


Fourth run with die, 
to see if Sic particle 
density changes. 

Speed = 18 mm/min 


Repeat 


New die, 1.2 mm thick 
at edges and 1 . 9 mm 
thick at midpoint. 
0.46 mm capillary 
slot . 1 9 mm/min 

growth speed 


Repeat 


Repeat 


SiC density lower yet. 
Ribbon is 86 cm long, 
0.8 mm thick at the 
edge and 0.5 mm thick 
over large central 
region 

Froze during seeding 


120 cm long ribbon, 
49.6 mm wide . High 
SiC density (0.76/cm 2 ) 

44 cm long ribbon, 
very smooth (0.03 SiC 
particles/cm 2 ) 

Very smooth (0.014 
particles/cm 2 ) ribbon 
1.2 m long x 4.9 cm 
wide x 0.2 -0.8 mm 
thick 

Die ruined by Si flow 
into die holder 

"Zero" SiC particle 
density on 0.56 m x 
4.9 cm x 0.07-0.9 mm 
thick ribbon. Re- 
flective surface, 
large grains. Thin- 
nest ribbon grown to 
date (less than 0.27 
mm except for extreme 
edges ) 

Froze before reaching 
full width 

Same. Having problems 
with alignment of fur- 
nace components 
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70107 50 


DFP-3-2 


70108 50 DFP-3-2 


70109 50 DFP-3-2 


70110 50 DFP-3-2 


70111 50 DFP-3-2 


70201 38 DFP-3-2 


70202 38 DFP-3-2 

70203 38 DFP-3-2 


Repeat . Die had 
shifted and froze un- 
even in holder. Lower 
heat shield was 
shimmed to make it 
even with die top 

Repeat 


Repeat , improved 
alignment 


Repeat with higher 
pulling speed (27 
mm/min) 


6 mm taller susceptor 
support used. New die 


Crucible from run 
61001 etched to re- 
move residual Si, 
and reused 

Crucible from last run 
etched again and re- 
used 

Crucible etched only 
lightly (not enough 
to remove Si) and 
reused 


1.08 m long by 4.93 cm 
wide ribbon, 0.23 to 
0.90 mm thick. Surface 
looks good 


Ribbon shattered while 
growing . Apparent ly 
seed holder caught on 
pull port 

0.96 m x 4.9 cm x .35- 
.90 mm thick ribbon, at 
18 mm/min speed 

.57 m x 4.9 cm x . 32- 
.88 mm thick ribbon. 

Ran out of melt. Die 
holder and susceptor 
cracked 

Ribbon froze at 0.66 mm 
length. Much higher 
operating temperature 
required. Ribbon 4.9 
cm wide x .30-. 8 8 mm 
thick 

Crucible worked OK. 

Grew 76 cm ribbon, 
again nearly emptied 
crucible 

Crucible again worked 
OK. Grew 88 cm ribbon, 
nearly emptying crucible 

Froze after 16 cm of 
growth 






Crystal Growth 163 





yffyg yg* 




Die 

Run Width Die Experimental 

No. (nun) Material Variables Results 


70204 

38 

DFP-3-2 

Repeat (same melt) 

44 cm ribbon. Crucible 
worked OK, but deformed 
during run 

70205 

50 

DFP-3-2 

New die, 2PA501 , with 
thicker walls and 
reinforced edges. 
Growth speed 1 9 mm/min 

Grew 121 cm long ribbon, 
but melt flooded into 
space between die and 
holder because of re- 
entrant corners on die. 
Ribbon thickness 0.5- 
0.6 mm in central region 

70206 

50 

DFP-3-2 

Repeat at 30 mm/min 
speed 

29 cm long ribbon, 0.25- 
0.3 mm thick in central 
region. Die split after 
run 

70301 

50 

DFP-3-2 

New die. Reentrant 
corners filed away in 
critical areas to 
avoid flooding 

No flooding of melt. 
Grew 64 cm x 50 mm 
ribbon, 0.4 to 0.55 mm 
thick in central region 

70302 

50 

DFP-3-2 

Repeat 70301 con- 
ditions 

None 

70303 

50 

DFP-2 

Installed new quartz 
insulator tube. Ad- 
justed right argon 
flow balancing tube. 

Froze, unable to 
maintain full-width 
growth 

70304 

50 

DFP-2 

Repeat 

Silicon splashed on 
die and ruined it. 

70305 

38 

DFP-3-2 

Standard growth con- 
ditions, to produce 
ribbons for cutting 
experiments 

114-cm ribbon 

70306 

50 

DFP-3-2 

Photographic record- 
ing of meniscus 
heights, at speeds 
of 1.5- 3. 2 cm/min. 
New die 

Good ribbon. Me- 
niscus heights 
under evaluation. 
Susceptor broke on 
cool-down. Photos 
not sharp ? 


Run Width Die Experimental 

No. (mm) Material Variables Results 


70307 50 DFP-3-2 


70308 50 DFP-3-2 


70309 38 DFP-3-2 


70310 

38 

DFP-3-2 

7031 1 

50 

DFP-3-2 

70312 

50 

DFP-3-2 

70313 

50 

Ultra- 


carbon 

UT-44 


As above, except con- 
stant pull speed of 
1.9 cm/min, while 
varying temperature 
and argon flows 

Meniscus heights pho- 
tographed at constant 
temperature , but vary- 
ing argon flows and 
pull speed. Also to 
measure ribbon stress. 


Standard conditions, 
to grow ribbon for 
cutting experiments. 
Also increased argon 
flow from furnace bot- 
tom to avoid fogging 
of quartz furnace tube. 

Standard conditions, 
to grow ribbons for 
cutting experiments 

New die 2PA-502. 


2P501 die (new) . 
Photograph of me- 
niscus directly (no 
water filter) . 

New die. New graphite 
material. Design 
2PA501 . 


92-cm-long ribbon. 
Meniscus heights 
under evaluation. 
Photos not sharp 


Five photos made. 
Ribbon is 120 cm long, 
0.14-0.19 mm thick in 
central region. 

Stress calculated to 
be 3 x 10 8 dynes/cm 2 
by measuring split 
widths. Photos not 
sharp. 

90 cm x .55 mm thick 
ribbon grown. No 
change in fogging 


114 cm x .4 mm x 38 
mm wide ribbon 


None. Die not seated 
in holder. Flooded 

Photos of meniscus 
much sharper without 
water filter. Good 
looking ribbon 

Two short pieces of 
ribbon grown, but 
froze out. Die 
ruined 
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Die 

Run Width Die Experimental 

No. (mm) Material Variables Results 


70314 

33 

DFP-3-2 

Standard process to 
grow ribbon for cut- 
ting experiments 

78-cm-long ribbon 
grown 

70401 

50 

DFP-3-2 

Evaluate thicker die 
top (1.3-mm edges, 

2 -mm center) . 2C-mm/ 
min growth speed 

27-cm ribbon. Very 
rough. 0.95 mm thick 
at edges/. 66 mm thick 
in center 

70402 

50 

DFP-3-2 

Repeat. 

1 1 0-cm-long ribbon 
grown, 0.39 mm thick 
in center 

70403 

50 

DFP-3-2 

Repeat . 

All growth attempts 
with this die have 
been easy to start 

70404 

50 

DFP-3-2 

Repeat. Die was 
splayed from previous 
run. Argon flow di- 
rected at front of 
furnace tube to avoid 
oxide buildup 

Easy to start. 

Ill -cm-long ribbon 
grown. Quartz tube 
stayed clear through 
run 

70405 

50 

DFP-3-2 

Repeat. Splayed die 
closed again at 
growth temperature . 
Will pull crucible 
nearly empty for reuse 

Crucible OK for 
reuse 

70406 

50 

DFP-3-2 

Reused crucible from 
previous run. Photo- 
graph meniscus with 
this 1 . 3-mm to 
2-mm-thick die 

Five u rot os made. 
Will be analyzed. 
6 4 -cm-long ribbon 
grown 

70407 

50 

UT-4 4 

Evaluate new die ma- 
terial and design. 
Die is 0.82 mm thick 
at edges and 1.99 mm 
thick in middle. 

Top has 1.7-mm devi- 
ation from flatness. 

Meniscus photographed. 
Nice looking ribbon 35 
cm long x 50.1 mm wide 
x .55 mm thick at 
edges (.28 mm in 
middle) . 


Run Width Die Experimental 

No. (mm) Material Variables 


Results 


■T* 

70408 

50 

UT-44 

Repeat . 

Temperature lowered 

5; 





too far. Ribbon froze 


70409 

50 

UT-44 

Repeat, photograph 

80 cm x 50 mm x .50 

H 




meniscus at 20-mm/min 

mm thick ribbon. 

m 




growth speed 

Three photos made 

r 

n 

70410 

50 

UT-44 

Repeat, more meniscus 

Five photos made. 110 

*• * 




photographs 

cmx50mmx.4mm 

FT 

* 





thick ribbon 

1 , 

70411 

50 

UT-4 4 

Repeat , to explore 

Attained speed of 40 

r 




faster pull speeds. 

mm/min for a distance 

ii «. 





of 11 cm. Then froze. 

r 





Dendritic surface 
morphology developed 
at fast speeds. Over- 






all length is 104 cm. 

1 





Thickness ranged from 

d v 





.30 to .15 mm (the 

r 





latter at 40 mm/min) . 

> * 

70412 

50 

UT-44 

Repeat, but at slow 

No dendritic features. 





speed (18 mm/min) to 

Ribbon is thicker 

7 

a. 




see if dendritic sur- 

(.48 mm) at slow 

r 

tt 




face morphology 
recurred . 

speed . 

70413 

50 

SiC/ 

Evaluate SiC-coated 

Very smooth reflective 

*p* 



Graphite 

graphite die. 20/mm 

ribbon. Zero SiC parti 

• 




min growth speed. 

tide density. 82 cm : 

■*.*» 





50 mm ribbon. .85 mm 
thick at edges/. 35 mm 

l 





thick in center. 

MW 

70414 

50 

SiC/ 

Repeat at 26 mm/min. 

Thinner ribbon (.65 

!*• 



Graphite 


edge/. 27 center) 23 cm 

K) 





long. Again zero SiC 
density but ribbon 

1 





has some morpholog- 
ical features in a 

r*- 

L 





thin central strip. 


70415 

50 

SiC/ 

Repeat. 

Temperature lowered 

r? 



Graphite 


too far. Ribbon froze 
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70416 50 


SiC/ Repeat, 20 -mm/min 

Graphite speed . 


70417 

50 

SiC/ 

Graphite 

70418 

50 

SiC/ 

Graphite 

70501 

50 

S.iC/ 

Graphite 

70502 

50 

SiC/ 

Graphite 

70503 

50 

SiC/ 

Graphite 

70504 

50 

SiC/ 

Graphite 


Repeat, 20-nun/min 
speed . Photograph 
meniscus. 


Repeat of above. 


Die material 
performance test. 
18 mm/min growth 
speed. 

Repeat . 


Repeat . New thick 
susceptor. 

Repeal: . Added argon 
flow directed at 
backside of ribbon. 
20-25 mm/min growth 
speed. 


62-cm-long, ribbon. 
Thicker (.6 -.70 in 
center) . Two Sic 
particles on surface 
(density .006/cm 2 ). 

Same rough features 
present as in run 
70414. 

Very smooth, thin 
( . 09- .15 mm in 
central region) 
ribbon. Zero SiC 
particle density. 
Similar appearance 
to run 70413. 

79-cm-long, smooth 
thin ribbon (.11 -.18 
mm in central region) . 
One particle (.003/cm 2 ) 
on entire surface. 

60 cm x 5 cm x 
.32-. 70 mm ribbon. 

Zero SiC density. 


Ribbon pulled out upon 
reaching full width. 
Seed broke. 

None. Could not seed. 


82 cm x 5 cm x 0.30 to 
0.68 mm ribbon. Zero 
SiC particles. Backside 
of ribbon clean, but 
now front side has 
oxide power coating. 
Seed was loose and 
ribbon shifted later- 
ally several times. 




Die 

Run Width Die Experimental 

No. (mm) Material Variables Results 


70505 50 SiC/ 

Graphite 


70506 50 SiC/ 

Graphite 


70507 50 SiC/ 

Graphite 


70508 50 SiC/ 

Graphite 


70509 50 SiC/ 

Graphite 


70510 50 SiC/ 

Graphite 


70511 50 SiC/ 

Graphite 


70512 50 SiC/ 

Graphite 


Repeat. But no argon 
flow to ribbon back- 
side. 16 nun/min 
growth speed. 


Repeat. Heat shields 
placed at edges of 
ribbon . New 
susceptor. 

Repeat . 1 9 mm/min 

growth speed. Meniscus 
photos made . 1 . 2 cm 

x 2 cm heat shields 
placed on susceptor 
rim near ribbon edges. 

Repeat. 16 mm/min 
speed. 


Repeat . 


Repeat . 


Repeat. Heat 
shields at edges re- 
moved. 25 mm/min 
speed. 

Repeat . 


76 cm x 5 cm x 0.37 
to 1 . 00 mm thick 
ribbon. 0.071 SiC 
particles per cm 2 . 
Susceptor broke 
during unloading. 

Froze upon reaching 
full width. 


6 1 cm x 5 cm x . 2 5 
to .55 mm ribbon. 
Zero SiC density. 


31 cm x 4.4 cm x .95 
to 1.20 mm ribbon. 
0.013 SiC particles/ 
cm 2 . Stress level 
4.8 x 10 8 dynes/cm 2 . 

72 cmx 4.7 cm x .50 
to 1.04 mm ribbon. 
Difficult to reach 
full width with 
shields. SiC density 
0.002/cm 2 . 

Froze at 19 cm length. 
.021 SiC particles/ 
cm 2 . Width = 4.3 cm. 

120 cm x 5 cm x .16 
to .62 mm ribbon. 

Zero SiC density. 


Froze during seeding. 
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70513 

50 

SiC/ 

Graphite 

Repeat . 1 8 mm/min 

speed . 

120 cm x .30 to 
.88 mm ribbon. 0.15 Sic 
particles/cm* . Right 
side pulled out 
during seeding. 

70514 

50 

SiC/ 

Graphite 

Repeat . 

Could not achieve 
proper seeding 
conditions . 

70601 

50 

SiC/ 

Graphite 

Replaced upper and 
lower shields. They 
had warped . Growth 
speed 16 mm/min 

91 cm x 5 cm x .40 
to .68 mm ribbon. 
0.13 SiC particles/ 
cm. Rough surface. 

70602 

50 

SiC/ 

Graphite 

Repeat (continuing 
long-term evaluation 
of die first used 
in run 70413). 20 to 

30 mm/min growth 
speed. 

121 cm x 5 cm x 0.18 
to 0.63 mm ribbon. 
0.005 SiC particles/ 
cm 2 . 

70603 

50 

SiC/ 

Graphite 

Repeat a 17 mm/min 
growth speed . Took 
meniscus photos. 

130 cm x 5 cm x 0.15 
to 0.79 mm thick ribbon. 
0.002 SiC particles/ 
cm^ . 

70604 

50 

SiC/ 

Graphite 

Repeat (continuation) 

Could not seed. 

71001 

100 

DFP-3-2 

Initial start-up 
of 100 mm system 

Argon ionization 
in growth chamber 
before growth temper- 
ature was reached. 

71002 

100 

DFP-3-2 

Added third quartz 
tube between 
furnace shell and 
quartz insulator. 

Ionization still 
occurs , but at 
slightly higher 
temperature 








Appendix II. 


Dimensional Characteristics of Silicon Ribbons 
Grown During Contract 


August 1975 to November 1977 


Ribbon 
Run No. 


ee 

Orientation 
Axis Surf. 


same 
Length Width (mm) 
cm) Max Min 


lcxness im 
Seed T 

Max Min Max 


50805 

0 

50806 

0 

50807 

0 

50808 

0 

50809 

0 

50811 

0 

50825 

0 

50826 

0 

50909 

0 

50911 

110 

50916 

110 

50919 

110 

50926 

110 

50927 

110 

50928 

110 

51003 

110 

51005 

110 

51007 

110 

51008 

110 

51012 

100 

51013 

100 

51014 

100 

51015 

110 

51016 

110 

51017 

110 

51018 

no 

51019 

110 

51021 

110 

51022 

110 

51023 

110 

51024 

110 

51025 

110 

51026 

110 

51027 

110 

51102 

110 

51104 

110 

51107 

110 

51110 

110 

51114 

110 

51115 

110 


8 

8.6 

6.7 

1.01 

.00 

5 

8.1 

6.2 

1.00 

.00 

5 

8.7 

7.6 

1.10 

.00 

4 

8.4 

8.1 

1.06 

.00 

4 

7.3 

6.7 

1.01 

.00 

8 

8.0 

7.1 

1.35 

.00 

2 

4.7 

4.2 

1.5 8 

.00 

2 

5.5 

3.8 

1.25 

.00 

3 

26.2 

25.8 

.70 

.35 

4 

25.7 

24 . 4 

.65 

. 35 

6 

26 . 0 

.0 

.73 

.54 

0 

26.0 

.0 

.55 

.23 

8 

26.0 

.0 

.65 

.57 

0 

26.0 

.0 

.53 

.40 

5 

26.0 

.0 

.49 

.32 

9 

25.6 

23.6 

.67 

.51 

0 

26.1 

24.7 

.63 

.44 

1 

26.4 

23.0 

. 75 

. 53 

4 

25 . 6 

23.7 

.63 

.40 

1 

25.9 

24.3 

.69 

.49 

0 

26.0 

25.0 

.64 

.42 

4 

25.7 

21.2 

.69 

.62 

4 

25.1 

23.4 

.61 

. 35 

2 

24.8 

17.0 

. 73 

.48 

2 

24.7 

23.8 

.64 

.45 

3 

25.1 

25.0 

.72 

.43 

6 

25.0 

23.6 

.67 

.44 

4 

26.2 

2 4 > 4 

.65 

.49 

3 

25.6 

23.8 

.63 

.38 

3 

25.5 

24.1 

. 62 

.35 

4 

26.2 

12.5 

.63 

.35 

8 

25.7 

23.3 

. 54 

.31 

2 

25.4 

24.6 

. 62 

.42 

9 

24.9 

24.5 

. 51 

.29 

2 

.0 

.0 

. 00 

.00 

9 

25.3 

23.5 

.54 

.40 

9 

25.5 

24.1 

.45 

.29 

0 

25.7 

23 . 3 

.55 

. 50 

8 

25 . 4 

24.4 

. 50 

.36 

1:7 

25.6 

25.2 

.46 

.30 






51118 

110 

100 

57 

25.2 

24.8 

.46 

.31 

.45 

.29 

51119 

110 

100 

54 

24.7 

24.5 

.43 

.28 

.46 

.29 

51120 

110 

100 

21 

24.9 

23.8 

.45 

.32 

.47 

.25 

51201 

110 

100 

16 

24.6 

17.4 

.47 

.50 

.50 

.35 

51202 

110 

100 

60 

25.0 

24.1 

.52 

.42 

,50 

,45 

51203 

110 

100 

19 

2 5.5 

24.1 

.76 

.50 

.45 

, 36 

51205 

110 

100 

36 

25.0 

24.9 

.55 

.45 

.50 

.45 

51207 

110 

100 

20 

24.5 

22.2 

.61 

.40 

.26 

.22 

51208 

110 

100 

46 

24.6 

24.3 

. 50 

.40 

.46 

. 36 

51209 

110 

112 

53 

.0 

.0 

.45 

.35 

.00 

.00 

51210 

110 

112 

46 

24.9 

20.6 

.67 

. 50 

.65 

.50 

51213 

110 

112 

32 

23.5 

14.0 

. 38 

.32 

.53 

,40 

51214 

110 

100 

55 

24.8 

23.2 

.48 

.40 

.45 

.41 

51216 

110 

100 

39 

2 5.3 

22.7 

.71 

.52 

.73 

.45 

51217 

110 

100 

57 

24.7 

23.4 

.74 

.48 

.75 

.47 

51218 

110 

100 

45 

22.9 

22 .4 

.55 

.50 

.60 

.50 

60102 

110 

100 

56 

25.5 

24.9 

.53 

.39 

. 50 - 

.33 

60103 

110 

ioo ° 

51 

25.2 

24.2 

.48 

.31 

.45 

. 27 

60104 

110 

112 

60 

25.4 

24.3 

.49 

.29 

. 52 

. 33 

60105 

110 

100 

58 

24 . 9 

18.8 

. 50 

.45 

. 50 

.45 

60110 

110 

100 

46 

24.8 

23 . 6 

.53 

.42 

. 50 

.37 

60111 

110 

100 

94 

25.4 

23.8 

.00 

.00 

.00 

.00 

60112 

110 

100 

90 

24.9 

23.4 

.45 

.35 

.50 

,27 

60114 

110 

100 

33 

25.4 

22.7 

. 50 

.45 

.53 

. 36 

60115 

110 

100 

36 

25.2 

20.1 

.50 

.40 

.40 

. 30 

60116 

110 

100 

31 

25. 2 

22.4 

.53 

.42 

.37 

.28 

60119 

110 

100 

28 

25.4 

25.1 

.55 

.50 

.54 

. 38 

60120 

110 

100 

95 

.0 

.0 

.00 

.00 

.00 

.00 

60202 

110 

100 

96 

24.6 

23.7 

.50 

.32 

.47 

.30 

60203 

110 

100 

25 

25.5 

22.2 

.57 

.38 

. 55 

.25 

60206 

110 

100 

9 

23.1 

18.1 

.62 

.70 

.60 

.64 

60209 

110 

100 

45 

25.9 

24.2 

.80 

.90 

*64 

.90 

60212 

110 

111 

55 

25.7 

25.1 

.60 

.50 

.60 

.40 

60213 

110 

111 

77 

25.6 

25.4 

.60 

.85 

.00 

.00 

60216 

110 

100 

40 

24.6 

24.2 

.70 

.80 

. 55 

.65 

60217 

110 

100 

18 

24.4 

24.2 

.60 

.85 

.42 

. 52 

60303 

110 

111 

55 

24.9 

22.5 

.47 

.43 

.45 

.35 

60304 

100 

110 

55 

25.5 

22.6 

.45 

.42 

.42 

.22 

60309 

100 

110 

53 

25.6 

23.4 

.47 

.50 

.42 

.45 

60310 

100 

110 

23 

25.2 

23.9 

.35 

.35 

.38 

.40 

60312 

111 

110 

41 

24.7 

21.7 

.32 

.32 

.35 

.37 

60318 

100 

110 

44 

25.6 

23 . 7 

.44 

.40 

.45 

.37 

60320 

100 

110 

55 

25.3 

24.3 

.42 

.38 

.36 

. 30 

60322 

111 

112 

57 

24.7 

24.0 

.40 

.34 

.41 

.25 

60323 

111 

112 

29 

24.6 

22.0 

. 30 

.27 

.32 

.22 

60324 

111 

112 

54 

24.4 

22.2 

.35 

.28 

.32 

.24 

60325 

110 

loo 

18 

23.9 

18.6 

.65 

. 70 

.50 

.40 

60326 

110 

100 

38 

25:5 

21.9 

.45 

. 38 

.54 

.46 

60328 

110 

100 

35 

25.3 

25.0 

.45 

.42 

.40 

, 28 

60329 

110 

112 

56 

24.8 

2i.7 

.30 

.25 

,40 

.28 
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SSP«? 


60330 

110 

112 

43 

25.4 

24.7 

. 30 

. 26 

.38 

. 30 

60337 

100 

110 

52 

25.2 

18.0 

.40 

.27 

. 50 

.22 

60341 

100 

110 

55 

25.1 

23.7 

.40 

. 35 

.48 

.32 

60401 

100 

110 

56 

26.2 

25.8 

. 50 

. 35 

. 50 

. 37 

60402 

100 

110 

57 

25.7 

25.2 

.45 

. 32 

.45 

. 30 

60404 

110 

100 

76 

2 6.4 

24.6 

.40 

. 21 

. 50 

. 32 

60406 

100 

110 

56 

25.8 

25.0 

. 52 

. 36 

. 52 

.24 

60407 

100 

110 

56 

.0 

.0 

. 00 

. 00 

.00 

.00 

60408 

100 

110 

56 

25.0 

24.2 

. 30 

.16 

. 30 

.15 

60409 

100 

110 

48 

24.8 

23.7 

.30 

.15 

.35 

.10 

60414 

110 

100 

56 

25.6 

25.0 

.45 

.25 

. 35 

. 20 

60416 

100 

110 

58 

25.4 

23.6 

.45 

.22 

.38 

.18 

60418 

121 

111 

54 

2 5 . 4 

20.5 

.45 

.22 

.35 

.10 

60419 

121 

111 

56 

2 5.2 

24.5 

.40 

.22 

. 32 

.10 

60420 

121 

111 

32 

25.2 

25.0 

.32 

.19 

. 35 

.15 

60421 

121 

101 

50 

25.2 

22.4 

.48 

. 37 

.48 

. 32 

60422 

121 

101 

52 

25.0 

23.1 

.45 

.25 

.43 

. 25 

604 32 

100 

110 

55 

24.9 

24.7 

.40 

. 30 

. 00 

. 00 

60436 

100 

110 

52 

24.8 

24.1 

.48 

. 41 

.00 

.00 

60437 

121 

111 

55 

25.2 

24.1 

.40 

.28 

.45 

.32 

60438 

121 

111 

43 

2 5.0 

22.9 

. 35 

.23 

. 28 

.18 

60439 

121 

111 

54 

25.5 

24.1 

.45 

. 29 

.42 

.30 

60440 

121 

111 

56 

24.5 

24.3 

.40 

.25 

.39 

. 24 

60442 

121 

111 

16 

24.4 

23.1 

.42 

.27 

.42 

.25 

60443 

121 

111 

38 

24.3 

20.5 

.40 

. 32 

. 36 

.16 

60444 

121 

111 

39 

24.4 

24.3 

.42 

.19 

.45 

.20 

60446 

100 

110 

56 

24.4 

17.2 

. 38 

. 25 

.38 

.22 

60447 

121 

111 

58 

24.6 

19.7 

.35 

.19 

.45 

.21 

60448 

121 

101 

53 

24.4 

24.1 

.45 

.20 

.40 

.15 

60506 

100 

110 

46 

38.2 

3 7.8 

.55 

.65 

. 50 

. 65 

60511 

110 

112 

36 

39.2 

37.4 

.43 

.55 

.44 

, 53 

60520 

110 

112 

58 

25.2 

2 5.0 

.52 

.45 

. 51 

.45 

60521 

121 

101 

91 

24.7 

22.7 

.40 

. 38 

.40 

.28 

60522 

110 

112 

90 

25.2 

24.8 

.40 

. 35 

.45 

.28 

60523 

110 

112 

63 

24.7 

24.5 

.42 

. 30 

.39 

. 30 

60525 

121 

101 

55 

24.7 

24.6 

.45 

.40 

.45 

.40 

60526 

110 

112 

58 

24.6 

23.3 

.40 

.20 

.40 

. 25 

60527 

110 

112 

81 

25.0 

24.3 

.40 

. 20 

. 50 

.25 

60612 

110 

112 

65 

24.4 

23.7 

.47 

.42 

.40 

.32 

60702 

110 

112 

85 

24.8 

2 3.2 

.45 

. 50 

. 50 

. 51 

60801 

110 

112 

53 

38.1 

37.9 

.81 

.67 

.68 

. 64 

60803 

110 

112 

22 

38.0 

.0 

.65 

. 57 

. 63 

. 59 

60915 

110 

100 

112 

37.7 

37.5 

. 75 

. 50 

.60 

.49 

60916 

110 

100 

90 

37.6 

37.4 

.92 

.74 

. 71 

. 60 

60917 

110 

100 

83 

37.5 

37.4 

. 80 

. 58 

.80 

.63 

60918 

110 

100 

90 

38.0 

.0 

.77 

. 64 

.83 

. 68 

60920 

110 

100 

54 

34.0 

.0 

.89 

.73 

. 80 

.53 

60924 

110 

100 

42 

38.0 

.0 

1.04 

.75 

1 .10 

.75 

60926 

110 

100 

45 

38.0 

.0 

.95 

.85 

.77 

. 56 

60927 

110 

100 

20 

38.0 

.0 

1.45 

1.15 

1.00 

. 80 
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Seed Usable Thickness (mm) 


Ribbon 
Run No. 

Orientation 
Axis Surf. 

Length 

( cm ) 

Width 

Max 

(nun) 

Min 

Seed 

Max Min 

Tail 

Max Min 

60928 

110 

100 

23 

38.0 

.0 

1.05 

.82 

1 . 00 

.84 

61001 

110 

100 

67 

38.0 

.0 

1.10 

.80 

1.18 

.80 

61003 

110 

100 

75 

38.0 

.0 

.75 

. 55 

. 55 

. 38 

61006 

110 

100 

35 

38,0 

.0 

.65 

. 58 

.45 

.40 

61008 

110 

100 

37 

38.0 

.0 

.48 

.47 

. 50 

.48 

61010 

110 

100 

122 

38.0 

.0 

.68 

.50 

.63 

,40 

61011 

110 

100 

100 

38.0 

.0 

.48 

.42 

. 44 

.32 

61014 

110 

ioo 

80 

38.0 

.0 

.56 

.50 

.43 

. 28 

61016 

110 

100 

50 

38.0 

.0 

.40 

.28 

.60 

.27 

61017 

110 

100 

131 

38.0 

.0 

.60 

.41 

.55 

.35 

61019 

110 

100 

21 

43.6 

41.4 

.70 

.43 

.78 

.68 

61020 

110 

100 

17 

43.7 

42.9 

1.40 

.82 

1.50 

1.10 

61101 

110 

100 

109 

49.5 

49.1 

1.20 

.60 

1.20 

. 50 

61201 

110 

100 

91 

38.1 

37.2 

.80 

.72 

.61 

. 51 

61202 

110 

100 

80 

38.0 

37.4 

.80 

.70 

.70 

.60 

61205 

110 

100 

90 

49 .4 

48.6 

.98 

.72 

.90 

.72 

61206 

110 

100 

95 

48.4 

47.6 

.95 

.85 

.90 

.75 

61208 

110 

100 

86 

50.0 

.0 

.70 

.50 

. 80 

. 53 

61210 

110 

100 

120 

49.6 

48.6 

1.02 

.57 

.96 

.39 

61211 

110 

100 

44 

.0 

.0 

.00 

.00 

.00 

.00 

70101 

110 

100 

120 

49.0 

47.0 

.80 

.40 

.80 

.20 

70103 

110 

100 

56 

49.6 

48.2 

.90 

.18 

.92 

.07 

70107 

110 

100 

108 

49.3 

49.1 

.90 

. 33 

. 90 

.23 

70109 

110 

100 

96 

48.6 

48.2 

. 82 

,48 

. 90 

. 35 

70110 

110 

100 

57 

48.6 

48.1 

.85 

.44 

.88 

. 32 

70111 

110 

100 

66 

48.7 

48.2 

.87 

.42 

. 88 

. 30 

70201 

110 

100 

76 

37.9 

36.2 

.65 

.70 

.82 

. 85 

70202 

110 

100 

88 

37.5 

36.8 

.80 

.70 

. 60 

. 50 

70204 

110 

100 

44 

37.8 

37.2 

.80 

,70 

.70 

.60 

70205 

110 

100 

121 

50.0 

49.2 

.82 

.60 

.45 

. 52 

70206 

110 

100 

29 

49.7 

46.2 

.38 

.25 

.40 

. 30 

70301 

110 

100 

64 

50,0 

49.7 

.70 

. 55 

. 55 

. 40 

70305 

110 

100 

114 

37.4 

37.1 

.70 

.36 

.60 

.28 

70306 

110 

100 

108 

49 s 7 

49.4 

*73 

.38 

.64 

.20 

70307 

110 

100 

92 

49.5 

49.2 

.55 

.36 

.60 

.35 

70308 

110 

100 

120 

49.5 

49.2 

. 50 

.19 

.48 

.14 

70309 

110 

100 

90 

37.6 

37.1 

.75 * 

.55 

.60 

.52 

70310 

110 

100 

114 

38. 1 

37.9 

.62 

.42 

.92 

.33 

70312 

110 

100 

85 

49 .2 

48.8 

.78 

.25 

1.08 

.40 

70314 

110 

100 

78 

37.6 

36. 5 

.82 

.60 

.56 

.45 

70401 

110 

100 

27 

49.1 

48.2 

.85 

.75 

1 . 02 

. 58 

70402 

110 

100 , 

110 

50.2 

49.1 

.65 

.45 

1.00 

.33 

70403 

110 

100 

18 

48. 7 

47.2 

.90 

.82 

.95 

.72 

70404 

110 

100 

111 

49.7 

48.6 

.60 

. 70 

.64 

. 3 8 

70405 

110 

100 

51 

49.0 

48.5 

.95 

.82 

.90 

.70 

70406 

110 

100 

64 

49. 3 

48.7 

.92 

.73 

. 42 

. 32 

70407 

110 

100 

35 

50 . 5 

50.1 

.50 

.28 

.60 

.28 

70409 

110 

100 

80 

50.4 

47.4 

.52 

.40 

.70 

. 50 

70410 

110 

100 

110 

50.5 

49.7 

,61 

.40 

.52 

.42 

70411 

110 

100 

104 

50.5 

49.7 

.21 

.15 

.17 

.15 
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Seed Usable thickness (mm) 

Ribbon Orientation Length Width (mm) Seed Tail 

Run No. Axis Surf. (cm) Max Min Max Min Max Min 


70412 

110 

100 

50 

49.8 

49.6 

.65 

.45 

.52 

.48 

70413 

110 

100 

82 

50.1 

48.6 

.80 

.37 

.92 

.32 

70414 

110 

100 

23 

49 . 3 

47.6 

.65 

.35 

.64 

.27 

70416 

110 

100 

62 

49 .4 

46.9 

.92 

.75 

.92 

. 57 

70417 

110 

100 

86 

49. 5 

49.4 

.36 

.15 

.60 

.09 

70418 

110 

100 

79 

49 . 4 

47.0 

. 56 

.11 

.42 

.18 

70501 

110 

100 

60 

49.6 

49.2 

.52 

.35 

.70 

.32 

70504 

110 

100 

82 

49.4 

45.4 

.68 

. 31 

.65 

.30 

70 505 

110 

100 

76 

49.9 

46.7 

.84 

.43 

1.00 

.37 

70507 

110 

100 

61 

49.5 

47.4 

.55 

.42 

.37 

.25 

70508 

110 

100 

31 

44.6 

43.9 

1.10 

.95 

1.20 

.95 

70509 

110 

100 

72 

47.7 

47.0 

.96 

.72 

1 . 04 

. 50 

70510 

110 

100 

19 

4 2.8 

4 2.1 

.70 

. 50 

.95 

.72 

70511 

110 

100 

120 

49.9 

49.4 

..6 0 

.25 

.62 

.16 

70513 

110 

100 

120 

49.8 

49.2 

. 88 

.42 

.84 

. 30 

70601 

110 

100 

91 

50.5 

50.3 

.60 

.40 

.68 

.42 

70602 

110 

100 

121 

50.1 

49.8 

.63 

.40 

.60 

.18 

70603 

110 

100 

130 

50.1 

49.6 

.60 

. 22 

.79 

.15 

71004 

110 

100 

17 

95 . 0 

8 0.0 

1.74 

.78 

1.52 

.21 


A 0.0 ENTRY INDICATES NO MEASUREMENT WAS MADE. J 
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II STRUCTURAL AND ELECTRICAL CHARACTERIZATION OF 
CAST SILICON RIBBONS 


by 


G. H. Schwuttke , K . H. Yang, H. F. Kappert , R . Hezel, and 
R. G. Dessauer 


1.0 INTRODUCTION 

CAST crystals display a unique defect structure. Effort was 
expanded to study , analyze and improve crystal defect 
structure in such ribbons. The influence of crystal 

defects in CAST ribbons on solar cell performance was also 

n ■■ y y yy ■/: y y ■ y ■■ ■ y ,y- . ■ y y ;.y : . y y 

studied. 

The characterization problems encountered in CAST crystals 
during the contract period were numerous . In the 

beginning of the program ribbon growth was plagued by the 
formation of silicon carbide crystallites and epitaxially 
deposited silicon carbide films. The "high-melt meniscus" 

technique together with "thermal balancing" using inert-gas 

:,y- y,y yyy^y . y ' y yyy v -y : // . y : ^ y 

Streams (described in section Crystal Growth of this report) 

0 • ' ■ ■ ■ ' . y -7 V ' ; . : A \:-7 -Vy- ' ; ' 7 ' " 

reduced this problem considerably. 

. ' • . 7 . O . ^ ; yy • . y:; - . . . . : . 

Controlled seeding and control of surface orientation of 

CAST ribbons remains a problem and needs further 

y 75 : 7’7y- v - :; '7 -y: r 77 ; -'yyv;y.-y : ;yy:vyy\y.-y;' ■ \ -.y ■ :j y.' y y 








attention. A complete surface orientation analysis of 
ribbons grown under steady state condition was made using 
electron channeling patterns in the SEM. Transmission 
electron microscopy was used to analyze the crystallographic 
nature of crystal defects. The electrical activity of 
crystal defects was determined using the SEM-EBIC technique. 
Lifetime degrading properties of crystal defects were 
measured using the MOS C-t technique. A correlation of 
crystal defect density and solar cell performance of ribbons 
was obtained. 

A detailed description of the key efforts is presented in 
the following sections. 

2.0 SILICON CARBIDE FORMATION 

The use of carbon as die material causes formation of 
silicon carbide during ribbon growth. Silicon carbide 
crystals may form as small crystallites on the die sides or 
in the die orifice. They may also grow epitaxially on 

ribbon surfaces. The high melt meniscus technique 

combined with thermal jet control during ribbon growth 
reduced such problems considerably. 

2 . 1 SiC Crystallite 

During silicon ribbon growth, particularly without thermal 
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jet control, small Sic crystallites form in the orifice of 

the die. Such crystallites are also found floating in the 

meniscus at the top of the die. More or less frequently 

such a particle becomes attached to the silicon ribbon thus 

( 12 ) 

destroying the perfection of the ribbon ’ 

Similar observations are made on the outside of a carbon die 
in contact with the molten silicon. An accumulation of 

crystallites in the orifice of a carbon die is shown in Fig. 
II- 1 (a) and on the outside of a die in Fig. II-1 (b) . 
Scanning electron micrographs of such small crystals scraped 
from the orifice and from the side of the die are shown in 
Fig. II-2(a,b). These crystals appear equi-axed and expose 
mainly (111) and (100) surfaces. The morphology of the SiC 
crystals is in agreement with the growth from a liquid phase 
by precipitation. Some of these crystals are found in 
clusters bonded to each other with a very limited area where 
their orientations are identical. It is obvious that 
beautiful small Sic crystals can be grown by this technique 
as an unwanted "side-product" of Si ribbon pulling. 

2.2 Silicon Carbide Film 

SiC films form on the ribbon surface via vapor transport 
deposition. Vapor-phase deposition of SiC is particularly 
active during the seeding phase and during the initial 









2. Scanning 
SiC crys 
orifice 









growth period, leading to a more or less dense SiC film on 
the ribbon surface. Such SiC films influence 
destructively the efficiency of ribbon solar cells To 
minimize film formation it is important to understand the 
crystallographic nature of the film as well as the mechanism 
of growth. This study relates to these problems and 
presents a complete analysis of such films. 

2.2.1 Analysis of Surface Films 

Visual inspection of seed-ribbon crystals as grown reveals 
that the seed is covered with a dull bluish film while the 
surface of the ribbon close to the initial seed interface 
looks dull and dark. The surface dullness decreases rapidly 
with the distance from that interface, and a shiny ribbon 
surface is normally obtained after 10 cm of ribbon growth. 
The surface film formation is more pronounced for lower 
growth speeds and very strong during the seeding operation 
because of the longer residence time of the seed. In the 
following, such surface films on ribbons are analyzed 
through optical and electron transmission microscopy. 

2.2.2 Optical Microscopy 

The variation of surface-film morphology with distances from 
the seed-ribbon interface is shown in the photomicrographs 
of Figs. II-3 (a) to II-3(f). Figures II-3 (a) and II-3(b) 



show the film structure on the seed and on the ribbon, above 
and below the interface. No particular features are 
resolved optically. The film covers the silicon surface 
completely. With increasing distance from the interface, 
the ribbon surface is covered less completely and the 
optical microscope reveals well-developed dendritic crystal 
structures covering the ribbon surface. The number of 
dendrites on the ribbon surface decreases rapidly with 
increasing distances from the interface. Note the 
preferential nucleation of dendrites in grain boundaries , 
shown in Figs. II-3(d) and II-3(e). Twin boundaries do 
not act as preferential nucleation sites, shown in Fig. 
II-3 (f ) . Single isolated dendrites may form during 
successive ribbon growth, particularly if a change in growth 
speed occurs. 




2.2.3 Transmission Electron Microscopy j 

■ - ■ . . ' : :-V 

Optical microscopy cannot identify the crystallographic 
nature of the films. Therefore, a transmission electron 
microscopy analysis was made. For this purpose, 

3-mm-diameter specimens were cut ultrasonically out of seed 

; - ■ ■ ■ 

and ribbon crystals at different locations. The specimens H 

: ■ ■ ■ \ 

were jet-etched, using a mixture of UNO- /HF . Before 

J i 

etching, the specimens were thinned by mechanical lapping | 

(on one side only), mainly for film removal. Subsequently, 
the jet etch was applied to the lapped side until the 
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graphs showing (a) &-SiC film on seed surface 


Optical 


wi/ v micro 0 — { — — - w - - 

(b) unresolvable morphology of dull surface at s ~ 2 mm 
well-defined dendrites; (c) at s ~ 1 cm; (d) at s 7c 

(e) at s ~ 10 cm; and (f) at s ~ 20 cm. Note that the 
density of dendrites decreases with increasing s. 
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specimen was thin enough for electron beam penetration. It ] 
was noted that the surface film was very resistant to the | 
etch. Consequently, it was easy to etch holes into the | 
silicon and thus isolate the film for transmission electron 1 
microscopy work. Figure II-4 shows some typical results 

f 

for the films covering the seed section. Figure II-4 (a) is 
a transmission electron micrograph of a seed specimen. Note 
the square structure of the silicon holes typical for the 
(100) orientation of the seed face. Figure II-4 (b) is the 
corresponding electron diffraction pattern, and Fig. II-4 (c) 
gives the aperture-limited dark- fie Id picture obtained at 
position A indicated in Fig. 11-4 (b) . The diffraction 
pattern Fig. II-4 (b) is analyzed as B-SiC. The results are 
summarized in Table 1-1. The dark-field analysis. Fig. 

11-4 (c), indicates that the film consists of randomly 
oriented crystallites. The size of these crystallites 
ranges approximately from 700 to 1500&. 

Similar transmission electron micrographs of specimens taken 
from the ribbon at positions close to the interface indicate 
that the surface film on the ribbon also consists of Sic 
crystals. However, the crystallite size is approximately 
1 pm. Examples of such crystallites are given in Figs. 

II-5(a-c). Figure II-5(a) is a standard bright-field 
micrograph, while Fig, II-5(b) is the corresponding 
dark-field picture obtained by placing the ''limited" 
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TEM micrographs showing (a) 8-SiC film on COO- 
seed surface; (b) electron diffraction patteri 
of (a); and (c) dark-field image taken from A 

in (b). 

fJJOGlNAL 
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TABLE II- 1. Identification of Surface Film on Crystal Seed 


Surface Film 



ASTM #1-119, 
0-SiC d, A 


2.17 
1.54 
1.31 
1.26 
1.09 
1.00 
0.97 
0.89 
0 .84 
0.77 
0.74 



aperture at a section of the (11 1) Sic ring Fig. II-5 (c) . 
Tliis result identifies the grains marked a, 8, and y in Fig. 
11-5 (a) as 8-SiC, y not visible in II-5(a) . the aperture 
around the (111) SiC ring to different positions causes 
crystallites of different orientation to show up 
successively in the corresponding micrographs. From such 
observations it follows that the film consists of randomly 
oriented 8-SiC crystals. 
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TEM micrographs showing (a) the bright- field image 
of 0-SiC particles on ribbon surface close to seed- 
ribbon interface; (c) corresponding electron dif- 
fraction pattern. 
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Dendritic Sic structures on ribbon surfaces have been found 
for growth rates of 1 2 mm/min to 30 mm/min . The dendrites 
occur randomly over the ribbon surface or preferentially 
along grain boundaries , and are of submicron size for faster 
growth rates. Such small particle^. are difficult to see in 
the optical microscope The dendrites have been found to 
influence generation lifetime of the silicon ribbon 
surfaces. 

Results of lifetime measurements made on ribbons as grown 
and on ribbons slightly etched before processing are 
summarized in Table 11*2 . It can be seen that due to the 
presence of 3-SiC dendrites; the occurrence of leaky MOS 
dots can be very high on ribbon sections cut as far as 40 cm 
from the interface. Etching before processing eliminates 

this problem. jl 

' v • 1 ■ : ■ ■' : 

The transmission electron micrographs of a dendrite cluster 
in bright and dark fields are shown in Figs. II-6 (a) and 
(b) . The corresponding transmission electron diffraction 
pattern is presented in Fig. 11-7 (a) * The diffraction 
pattern is reproduced schematically in Fig. II-7 (b) . The 
diffraction pattern of Fig. II-7 (a) contains the basic tool] 
silicon diffraction pattern, but, in addition, every silicon 
reflex is surrounded by characteristic satellite reflexes. 
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TEM micrographs showing 
(a) bright-field image; 
and (b) dark-field image 
of a dendrite cluster. 


mm ■■Mfiiai 



TABLE II-2. 


Influence of 6-SiC Dendrites on Lifetime of Silicon Ribbons 


Distance MOS dot Range of Average 
from Seed size Lifetime Lifetime 

(cm) (mid) (nsec) (nsec) 


Relative 
Area Con- 
taining SiC 
(X) 


60337 
(as grown) 

60337 
(as grown) 

60337 
(as grown) 


60305 

(etched) 

60305 

(etched) 


6-12 


18-24 


30-36 


60337 42-48 

(as grown) 


60305 Unknown 

(as grown) 


Unknown 


Unknown 


0.01 1-10.5 2.26 


0.001-1.64 0.20 


0.005-6.48 1.07 


0.081-1.13 0.34 

0.020-52.7 2.50 


0.028-2.42 0.44 

0.0003-0.096 0.034 


0.039-44.3 6.54 


0.011-29.0 5.93 


For analysis of the result contained in Fig. Il-7(a) the 
diffraction pattern of Fig. II-7 (b) was reconstructed with 
the following assumptions : 


1 . The dendrites consist of 8-SiC and grow epitaxially 
with [001] orientation on the [001] oriented silicon. 
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(a) selected-area electron diffraction pattern of 
6-SiC and Si (001) diffraction patterns with a 
(220) reflex p acting asd a secondary 
double diffraction. Largo and small solid dots 
represent Si and BSiC reflections, 

The small solid dots represent the double-dif fra*. 

spots due to p. 







iwuM* "w;« '<■ ■■ ;*; '• ' ***- ^«**»> • • . >w »»n»«,..~»«»yr»'—» » ' ■»« ■ »» v JV , '" rr ' •— » -• / "’ r . />"-■■• V "V: 

The epitaxial relationship between SiC and silicon is 
perfect for the (110) $-SiC planes parallel to the 
(110) silicon planes. Under such conditions, extra 

diffraction spots due to SiC appear in the silicon 
pattern. The distance between the silicon main reflex 
and any (h, k, 1) diffraction spot due to 3 -SiC is 
obtained as follows. The ratio of lattice constants 
between 3-SiC (a = 4.5388) and silicon (a = 5.4038) is 
0.803. In reciprocal space, this corresponds to a 
distance of 1:0.803 = 1.245. Consequently, any (h, k, 
1) SiC reflection is located at the distance 1.245 h, 
k, 1 from the main beam. 

2. Additional satellite reflexes around the silicon dots 
are produced by the epitaxial g-SiC phase due to double 
reflection. Double diffraction occurs if a diffracted 
beam form the silicon passes into the epitaxial SiC, or 
vice versa. In both cases the double-diffracted beam 
is determined by adding together the reciprocal lattice 
vectors corresponding to the two component 
diffractions. Extra reciprocal lattice points 
displaced from the silicon matrix result. 

Taking these two mechanisms into consideration and the 
additional fact that double diffraction from Sic (400) 
planes is found to be very weak, the diffraction pattern of 
Fig. II-7(c) was constructed. The large solid spots in this 
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pattern are due to silicon of <001 > orientation. The small 


solid dots represent the double-diffraction spots for the 
silicon reflex (220), p, acting as a secondary source. If 
this pattern is reproduced for the four (220) and four (400) 
silicon reflexes acting as secondary sources and the results 
are superimposed into a single schematic pattern, the 
superposition yields the pattern given in Fig. II-7 (b) , 
which describes exactly the diffraction pattern of Fig. 
II-7 (a) . 

Additional information on the epitaxial relationship between 
3-SiC and Si is obtained through tilting experiments in the 
electron microscope. Analysis of electron diffraction 
patterns of [114], [112], and [114] orientation yields the 
orientation relationships summarized in Table II-3. 

TABLE II-3. Epitaxial Relationship Between 3“SiC and 











Further insight into the SiC growth on silicon is obtained 
from the following results. Figure II-8 (a) shows the 
bright-field micrograph of a dendrite on a <112> ribbon 
surface. This particular surface plane is perpendicular to 
(111) crystal planes. This surface orientation is the 
result of twinning. The dendrite grows again preferentially 
in <1T0> directions. This is similar to dendrites growing 
on <001 > ribbon surfaces. Interesting is the dark-field 
image of this dendrite recorded through use of the (2?0) 

3-SiC reflection, as indicated in Fig. II-8(c). The 

'■4 

dark-field image is given in Fig. II-8 (b) and shows a group j 

of parallel layers spaced at approximately 500& in the 1 

I 

[110) direction. This result indicates that the dendrites ] 

■ i 

consist of a succession of silicon and SiC layers which are j 

stacked along (111) planes. '] 


The electron diffraction pattern of Fig. II-8(c) indicates 1 

i 

that the epitaxial relationship between 8-SiC and silicon is 

_ 1 

(112) p-SiC parallel to (112) Si, with (220) B-SiC parallel j 

■ i 

to (220), and (11 T) 3-SiC parallel to ( 1 1 V) Si. Fig. | 

* ' i 

II-8 (c) is essentially identical with the diffraction J 

pattern taken by tilting a [001 ] -oriented specimen into the i 

[112] orientation. | 

J 

The simple epitaxial relationship observed in this study is j 

in good agreement with the results reported previously^ ^ . j 
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TEM micrographs showing (a) bright-field image of 
a dendrite on a < 1 1 2 > ribbon surface; and (c) electron 
diffraction of (a) and (b) . 







Brown and Watts and Jacobson reported that the growth 
of B-SiC on (001) silicon substrates, by use of chemical 
vapor deposition, results in the orientation relationship of 
(001) B-SiC parallel to (001) Si with (220) 3-SiC parallel 
to (220) Si, and (220) B-SiC parallel to (220) Si. On (110) 
and (111) silicon substrates, similar epitaxial 
relationships are established between B-SiC and the silicon 
substrate . 

2 . 3 Summary 

Surface films on silicon ribbons grown by the Capillary 
Action Shaping Technique by use of carbon dies are analyzed 
through optical and transmission electron microscopy. The 
films are formed through vapor deposition and consist of 
B-SiC. The Sic shows significant structural differences, 
depending on deposition location - seed or ribbon - and on 
ribbon growth speed. On the seed surface the Sic deposits 
as randomly oriented crystallites ranging in size from 700 
to 1500&. Close to the seed-ribbon interface the crystal- 
lite size increases to 1 pm. The small crystals are of 
well-defined crystallographic shape. With the increasing 
speed of silicon ribbon growth, epitaxial formation of sic 
dendrites on the silicon ribbon surface becomes the dominant 
Sic growth mechanism. The epitaxial growth of B”SiC occurs 
through preferential incorporation of (111) Sic planes 
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parallel to (lit) silicon planes according to the epitaxial 
relationship (001) 8-SiC parallel to (001) Si with (110) 
B-SiC parallel to (110) Si, and (iTo) B-SiC parallel to 


( 1 TO) Si. The silicon dendrites degrade minority carrier Jji 

lifetime in ribbons. 

: ; • . ' ■ o ] 

3.0 RIBBON QUALITY j|] 

It has been our experience that crystallographic perfection 
of capillary action grown silicon ribbons rapidly 
deteriorates as ribbon length increases - particularly in 
the case of wide ribbons. This is due in part to the 
effects of carbon on silicon. Mechanical and thermal 
perturbations may, because of the very thin melt boundary 
between the die and the growth interface, also contribute to 

ni 

the degradation. However, it is difficult to isolate their f]| 

contribution in the presence of the carbon effects. 

3.1 Seeding and Surface Problems 

Major problems exist during the seeding operation. Single 
crystal growth is difficult to achieve during this initial 
phase. Presently, it is not possible to control the 

"seeding operation" sufficiently to influence the surface 
orientation and perfection of the ribbon grown during 




"steady state". Because of silicon carbide formation 

during seeding, the original seed/crystal relation is 

rapidly lost and the final ribbon quality is mostly 

dominated by twin lines in the <112> direction. An x-ray 

topograph of a typical crystal-seed interface is given in 

Fig. II-9 and shows the catastrophic collapse of seed 

orientation due to heavy twinning. All twins inclined 

towards the growth direction grow out relatively fast. If 

the inclusion of silicon carbide particles in the ribbon 
. vi;- f . V 

surface can be avoided, steady-state growth is dominated by 

surface orientations close to a <11 0> direction. 

To define the surface orientation of ribbons grown under 
steady-state conditions , we introduce the convention 
summarized in Fig. 11-10. Accordingly, the angle between 
the growth direction and the twin boundaries is called a. 
The resultant tilt angle, © r , gives the actual surface 
orientation of the ribbon. This surface orientation is 
measured as a misorientation against the [011] direction and 

.i 

has the two components 6 and 6 , where 6 is the tilt along 

g a g 

the growth direction and 0 is the tilt around the growth 

cl ' 

direction perpendicular to it. 


Figure 11-11 summarizes typical surface orientations obtained 
for different seed orientations. On the basis of these and 
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x ‘ r jy topography of a typical crystal -seed interface showing 
the catastrophic collapse of seed orientation due to heavy twinning 
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Fig. 11*10. A schematic drawing of a ribbon crystal with misorientat ion 


0 r against the {011} direction. 
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Sample Orientation 
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Seed Orientation 

Sample 
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Ribbon 

Number 

Growth 

Pace Direction 

from Seed 
(cm) 

Nearest 

Pole 

Deviation 

(degrees) 

Growth 

Direction 

Twin Axis 
a/b 

Remarks 

40404 

(111) <TT2> 

>50 

011 

0R ;> H -3 
0_ » 3,5 

a 

0 a » 10.7 

2tT 

1lT«~*Tfl 

Twin boundaries 
in growth 
direction 

40812 

(iTO) <1 1 1 > i 

50 

011 

0 R = 9,7 

6 a " 5 
0 - 8.3 

g 

21 T 

iTwTlT 

Twin boundaries 
not in growth 
direction (10° 
off) 

40820 

(ITO) <11 1 > 

50 

011 

0R=0 a =8.4 

0 = 0 
g 

21T 

iTl^TlT 

Twin boundaries 
in growth 
direction 

50520 

(100) <11 0> 

120 

011 

' : ' ' ■ ■ \ I 

J 

e R = is 

•a - 1* 

2lT 

iTl^TlT 

Twin boundaries 
in growth 


Fig. 11-11. Steady-state Growth of Ribbon. 





other results , we conclude that control of surface 
orientation of ribbons grown under steady-state conditions 
does not, at present, exist. It can be noted that surface 
misalignment covers a range between 5 and 15° against the 
[Oil] surface. Ribbons with twin planes inclined almost 
perpendicular to the surface and a surface tilt of 0_ = 0_ = 
8° (with 0^ * 0) have been grown . For such ribbons the twin 
boundaries are parallel to the [211] growth direction. 

Examples of ribbon surfaces are shown in Figs . 
11-12. Figure 11-12 (a) shows a ribbon surface with 
parallel twinning , Fig. 11-12 (b) is a ribbon surface 
containing non-parallel twinning and grain boundaries. 

A higher complexity of surface disqrder is seen in Fig . 
11-12 (c) . This ribbon section contains different grains, 
silicon carbide inclusions and different types of twinning. 
All these defencts are normally encountered during ribbon 
growth and once analyzed by transmission electron and 
scanning electron microscopy, are readily interpreted 
through optical microscopy. 
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3.2 Analysis of Surface Orientation 

Surface orientations and the nature of boundaries 

encountered in Pig. 11-12 (c) were analyzed through the 

a 

electron channeling technique (ECP) in the SEM. The 

photomicrograph of Pig. 11-12 (c) shows a ribbon section 
selected for its complexity of different surface features 
and is not representative of the IBM state-of-art of ribbon 
crystal growing. The sample of Fig. 11-12 (c) is useful 
for demonstration of the channeling technique to analyze 
surface orientations of small crystallites. The sample 
contains different grains , silicon carbide inclusions , and 
different types of twinning. All these defects can be 
encountered during ribbon crystal growing using carbon dies 
and, once analyzed, are readily interpreted through optical 
microscopy. For this reason, a thorough analysis is 

presented in the following section. 

3.2.1 < 1 1 2 > Twinning 

Orientation analysis of crystal areas bounded by parallel 
lines in the < 1 1 2 > direction is summarized in Figs. 11-13 (a) 
and 11-13 (b). Each figure shows a sequence of ECPs for each 
crystallite. One ECP covers only an angle of 'v 6°. Thus 

it is difficult to recognize the orientation pattern of 
crystal surfaces if they are not close to a low-index 
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surface. This difficulty is overcome by tilting the sample 
in steps of 6° until the ECP on the screen can be matched 
with the computer-generated ECP. A sequence not larger than 
three ECPs is found sufficient to recognize the orientation 
of the sample in all cases. 

The exact surface orientation of the sample is given by the 
center of the ECP obtained for zero sample tilt. Thus the 
orientation of the crystallite marked "a” in Fig. 11-12 (c) 
and determined by the ECP sequence of Fig. 11-13 (a) is in 
the neighborhood of the lOlT] pole but tilted 10° away from 
this pole. The ECP sequence of Fig. 11-13 (a) indicates 

that this tilt is approximately along the (022) lines. From 
the pole map given in Fig. 11-14 it follows that this 
position is near the lower periphery of the circle around J 

the [OlT] pole. A comparison of the ECP map Fig. 11-13 (a) j 

and of the pole map Fig. 11-14 shows that (022) lines 
displayed in the ECP Fig. 11-13 (a) go exactly parallel to 
the great circle through [OlT] , C 1 33*1 . etc. Therefore, the 
true surface orientation of crystallite "a" is tilted 
approximately 10° away from the [OlT] direction towards j 

the [1lT] pole. 

Next we discuss the channeling pattern of the crystallite 
"b" shown in Fig. 11-12 (c). Inspection of the ECP in Fig. 

II-13(b) indicates that the surface orientation of this 
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022 LINES 


6° TILT 


0° Tl LT 


(111) LINES AND 

HIGHER ORDER 


12° TILT 


01? POLE 


400 LINES 


Fig. II-13(a). FXP sequence of crystallite "a" in Fig. 12(c). 






400 LINES 






Fig. 11-14. A [111] pole map indicating the surface 
orientation of different crystallites 
in Fig. 13. 

crystallite is again close to a < 1 1 0 > direction. However, 
note that this time the ECP reveals that the (022) lines are 
70° rotated relative to the (022) lines in the ECP of 
crystallite "a" in Fig. 11-13 (a). It follows, from the ECP 
sequence given in Fig. II-13(b), that the true surface 
orientation of crystallite M b” is tilted approximately 10° 
toward a direction located between the [511] and [311] lines 
Fig. II-13(b). The exact direction is determined as follows 

2i 6 * - 1 






First we anticipate that the crystallites "a" and "b" are in 
a twin relationship and that twinning occurred on the (111) 
plane. Under such conditions, the surface orientation of b 
must be close to the [OTl] direction. Comparing the ECP 
in Fig. II-13(b) and the pole map of Fig. 11-14, it follows 
that the great circle discussed in the analysis of 
crystallite "a” intersects the (OTl] pole in a direction 
which is 70° rotated relative to the direction of the same 
circle through the [OlT] pole. A great circle through the 
poles [T31], [T22] , and [Tl3] would therefore indicate an 
identical direction through the [01 T] pole. In addition, 
this circle would go parallel to the (411) channeling 
lines. As determined by the silicon "Structure Factor", 
however, these lines are forbidden reflections. 
Consequently, only the (511) and (311) lines are seen in the 
ECP of Fig. II- 13(b). The true surface orientation of 
crystallite "b" is tilted 10° towards the [411] direction 
between the [511] and [311] directions. 

The orientation of the parallel strips labelled a to j in 


i 









Note that the twin lines are in the [112] direction and the 
(111) twin plane is perpendicular to the <01 1 > ribbon 
surface. 
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3.2.2 Non-Parallel Twinning 

The crystallites labelled n and m in Fig. 11-12 (c) are 
bounded by lines of different directions. The ECP of 
crystallite n, given in Fig. 11-15 (a) , indicates that the 
surface of n is close to a [4lT] pole. Consulting the pole 
map given in Fig. 11-14, it follows that the surface of n is 
tilted approximately 10° away from the [41 Tl pole. The ECP 
of crystallite j indicates a [01 T] surface 
orientation. Thus the surface orientation of crystallite n 
is the result of (111) twinning of crystallite j. This 
reaction is summarized as follows: 

Surface Twin Plane Surface 

[OlT] J ( 1 1T) [41 TIN 

The ECP of crystallite m is shown in Fig. 11-15 (b) . The 
surface orientation of m is close to the [Tl 2 J and [113] 
pole. With the help of the pole map (Fig. 11-14) the twin 
reaction is analyzed as summarized below: 

Surface Twin Plane Surface 

[4lT]N (111) [4 5 1 1 ]M 

The high-order orientation of m is calculated and fits the 
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ECP orientation exactly, (Fig. 11-15 (b) ) . The boundary line 


between crystallites m and j (Fig. 11-16) corresponds to a 
change in orientation from [5" 5 11] to [OlT] and cannot be 
explained by twinning. Consequently, this line is a grain 
boundary. 


3.3 Analysis of Twin Lamellae 



Another interesting subject for ECP analysis is the lamallae 
of closely spaced lines at position p in Fig. 11-12 (c). 
These lamallae are generated by double twinning as follows: 


Surface Twin Plane 


Surface Twin Plane 


(111)P 


(Til) 


(51 1)P, 


(Til) 


Surface 
(1 1 1 )P 


The twinning occurs on the (Tit) plane, which is not 
perpendicular to the ribbon surface. The ECPs identifying 
this reaction are given in Figs. 11-16 (a,b and c). 


A complete orientation list of all crystallites labelled in 
Fig. 11-12 (c) and analyzed through ECPs is given in Table 


II-4. 


The non-parallel twinning leading to grain -boundary 
formation is the result of inclusions embedded during ribbon 
growth into the ribbon surface. Such inclusions were 
identified as SiC particles. The SEM micrograph of the 
inclusion shown in Fig. 11-12 (c) , position I is given in 


Fig. 11-17. 
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ECP sequence of crystallite "n" in Fig. 12(c) 


Fig. 11-15 (a) . 
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Type of 
Boundary 

Surface Orientation 

Twin 

Plane* 

Nature of Boundary 

A/B 

(0lT)/(0Tl ) 

(111) 

P 

Twin 

A/N 

(0lT)/(4lT) 

(11T). 

Twin 

N/M 

(4lT)/(4 5 11) 

(Ill) 

i 

Twin 

M/A 

(4 5 1 1 )/(0lT) 

Grain boundary 

Z/A 

(ii 1 )/ (oiT) 


Grain boundary 

P/P., 

(111)/ (51 1 ) 

(Til). 

Twin 

B/R 

(0Tl)/(4Tl) 

(1T1). 

Twin 


♦Subscripts p and i refer to twin plane perpendicular 
to and inclined to ribbon surface, respectively. 
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SEM micrographs of a SiC particle; (a) before etching; 
(b) after 10-sec Sirtl etch; (c) clo’seup view of etched 
area in and around particle; (d) view of etched area 
showing surrounding unetched walls of SiC. 
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4.0 ELECTRICAL CHARACTERIZATION OF SILICON RIBBONS 

This section of the report provides additional information 
about the electrical properties of CAST ribbons. The 
influence of crystal defects, such as surface inclusions, 
dislocations, twins, and grain boundaries, on generation 
lifetime of minority carriers is investigated through MOS 
C-t measurements. Lifetime distribution data of different 
samples 25 x 60 mm in size are thus obtained and compared 
with the efficiency of solar cells made from such samples. 

f 

4 . 1 Experimental 

CAST Silicon ribbons doped with boron to a resistivity of 
2 8-cm were used for this investigation. Lifetime measure- 
ments are made using the approach described by Fahrner and 
Schneider Their technique allows relatively fast 

large-scale measurements of generation lifetime in the range 
< 1 msec to > 0.1 nsec. For the measurements a metal 

oxide semiconductor (MOS) capacitor is biased into strong 
inversion and subsequently switched into deep depletion. An 
appropriate experimental setup prints out or displays a 
typical MOS recovery time, which is introduced into a 
computer fed by a theoretical generation-lifetime model and 
the pertinent wafer data. Thus minority-carrier generation- 
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lifetime values of the silicon under the MOS capacitor 

(depletion zone) are obtained. The error limit of this 

(7) 

technique, compared with a Zerbst plot , is less than 
2055 for lifetime values t ^ 10 ysec. For t > 1 msec the 
error can increase to 1 0055 . Best lifetime values 
encountered in ribbons are approximately 500 ysec compared 
with Czochralski silicon wafers, where lifetimes of over 
1000 ysec are encountered. 

4.2 Fabrication of MOS Capacitors and Solar Cells 

Ribbon sections of full width (50 mm) doped to approximately 
2 fl-cm, P"type, and 60 mm in length are processed to contain 
two groups of circular MOS capacitors. Each group consists 
of 36 capacitors of different dot size. One group uses 
1 .5-mm-diameter dots, and the other 0.5-mm dots. Before 
oxidation, ribbon sections are first etched for 30 seconds 
in a mixture of 3 parts nitric, 2 parts acetic, and 1 part 
hydrofluoric acid. Subsequently, the ribbon sections are 
MOS-processed using standard techniques. They are cleaned 

in NH 4 -H 2 0 2 f HC1-H 2 0 2 , and HF solutions. Subsequently, a 

o n 

5000 A-thick oxide is grown at 1000 C using a dry-wet-dry 

oxidation cycle. Aluminum metallurgy is used. 

After metallization the wafers are annealed for 15 minutes 
o 

at 400 C in forming gas. For comparison, 57-mm-diameter 
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(1 2 ) 

interest because they influence solar cell efficiency ' . 
In this section the electrical activity of the defects is 
investigated qualitatively through use of the electron beam 
induced current (EBIC) signal in the scanning electron 
microscope while the influence of defects on minority 
carriers is measured quantitatively through MOS C-t 
measurements . 

4.3.1 EBIC Measurements 

The EBIC technique is useful for non-destructive imaging of 
electrically active defects in silicon. EBIC investigations 
of ribbons as grown are done with Schottky contacts. Solar 
cells are investigated in the EBIC mode through use of 
diffused p-n junctions^. 

The electrical ly-active defect density in a ribbon crystal 
can be considerably lower than its total defect density. 
The total defect density is found by Sirtl etching and 
optical microscopy of the ribbon surface. 

Figure 11-18 (a) shows an optical micrograph of a ribbon 
solar-cell section. The two fingers of the Al-Ag metal grid 
are visible and can be used for area identification. The 
parallel lines perpendicular to the fingers are the linear 




boundaries typical for ribbons grown under steady-state 
conditions. Note the high density of the lines. Figure 
11-18 (b) is the corresponding EBIC picture. The dark 
horizontal lines are the Al-Ag fingers. The dark vertical 
lines and bands in the EBIC picture indicate a local 
reduction in the beam- induced current when the beam scans 
over these areas. This is caused by crystal defects which 
act as preferred recombination centers. The dark bands 
correlate well with the crystal sections that show etch pits 
(dislocations) after Sirtl etching, while the sharp boundary 
lines correspond to electrical ly-active twin or grain 
boundaries. The areas which appear white in the EBIC 
picture are free of electrically active defects and have 
better lifetimes than the areas which appear dark in the 
EBIC picture. 

In addition to dislocations and planar boundaries , 
silicon-carbide dendrites also cause lifetime degradation in 
ribbons. This is seen in: the pictures shown in Figs. 

■’i i . . 

11-19 (a, b). Figure 11-19 (a) is the SEM surface image of 
dendrites covering the ribbon surface. The corresponding 
EBIC image, using p-n junction contrast, is given in Fig. 
11-19 (b) . Such dendrites are very strong recombination 
centers. The efficiency of solar cells is reduced to the 1 
to 3% range if such dendrites are present. 
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4.3.2 


Lifetime Measurements 


The EBIC measurements are in good qualitative agreement with 
MOS C-t lifetime data obtained from such 
crystals. Lifetime values of typical defect areas are 
obtained by placing MOS capacitors into these areas. Thus 
the lifetime degrading property of a particular defect 
pattern can be measured directly. A comparison of the EBIC 
picture and lifetime data is also possible because the same 
MOS capacitor can be used for EBIC display and lifetime 
measurements. Examples of lifetime variation and its 
dependency on ribbon perfection are shown in Figs. 11-20. 
Figure 11-20 (a) is a ribbon section of highest perfection. 
The crystal section between the twin boundaries is very 
perfect. A less perfect twin section is shown in Fig. 
11-20 (b) . Note the etch pits - indicating dislocations - in 
the left and right crystal section. The middle section 
between the twin boundaries is free of etch pits. Other 
defect configurations found in steady-state grown ribbon 
sections are given in Figs. 11-20 (c,d) . A small-angle grain 
boundary is shown in Fig. 11-20 (c) . Note the 
dislocation pits right and left from the boundary. A 
silicon carbide surface inclusion is shown in Fig. 11-20 (d) . 
The measured lifetimes are noted in each figure for each 
defect pattern and represent typical data. 
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Fig. 11-19 (a) 

SEM surface image 
of silicon carbide 
dendrites on ribbon 
surface. 


ERIC image (junction 
contrast) of ribbon 
surface similar to the 
one shown in Fig. 19(a) 
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Fig. II-20(a) 

Twinning in perfect crystal 
Lifetime range: 73~17.0ysec 
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Fig. II -20 (b) 

Twinning and dislocations 
Lifetime range: 0.67~1.4psec 


Fig. 11-20. Defect patterns in ribbon surfaces. 
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Fig. II-20(c) 

Low-angle grain boundary 

and dislocations 

Lifetime range: 0.01~0.03visec 










Fig. II-20(d) 

Surface inclusion lifetime: no 
measurable due to leaky oxide 







Lifetime of minority carriers in ribbon varies with the 
position of the MOS dots relative to the edges of the 
ribbon. Longer lifetimes are found for dots located in the 
center of the ribbon. This is illustrated in Fig. 11-21. 
This figure summarizes lifetime measurements made for three 
different crystals. In Fig. 11-21 the generation lifetime 
is plotted, in microseconds, as the ordinate and the 
position of the MOS dot relative to the ribbon edge as the 
abscissa. The dots A and 6 are close to the left and to the 
right edges of the ribbon. The solid line in the figure 
connects lifetime values obtained by averaging the 
single-lifetime values per column and plotting this averaged 
column value against the distance from the edges for the 
different ribbon sections. The ratio of average lifetime 
for dots located in the middle of the ribbon and for those 
located close to the edge can be as large as 200. 
Perfection studies made on these ribbon sections indicate 
that the degradation of lifetime correlates with crystal 
perfection, which improves towards the center. 

Lifetime values larger than 500 usee have been measured in 
defect-free sections of CAST ribbons. This indicates that 
ribbons grown from carbon dies have potential for 
high-efficiency solar cells. 
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As indicated by the EBIC measurements the presence of 3-SiC 
dendrites cause a serious lifetime and solar cell 
problem. Such dendrites have been found to deposit 
epitaxially on ribbon surfaces during ribbon growth. (See 
Section 2.0 of this report) . The density of such dendrites 
is highest near the seed-ribbon interface and decreases 
rapidly with increasing distance from the interface. The 
dendrites cause leaky MOS devices and low efficiency solar 
cells. This problem is eliminated by removing a thin 
layer (< 10 ym) of the as-grown surface through etching 
in a mixture of 3 HN0> 3 -2 HAC-1 HF acid. It is found that 
etching the ribbons before processing also relieves the 
problem of breakage, which is more pronounced for as-grown 
ribbons. 


Results of lifetime measurements made on ribbons as grown 
and on ribbons slightly etched before processing are 
summarized in Table II-2, section 2.0 of this report. It 
can be seen that due to the presence of 3-SiC dendrites, the 
occurrence of leaky IlOS dots can be very high on ribbon 
sections cut as far as 40 cm from the interface. Etching 
before processing eliminates this problem. 


4 . 5 Discussion 


The conversion efficiency of silicon solar cells depends on 
a variety of factors and their complex interactions. Most 
important in this context -is the presence or absence of 
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non-radiative recombination centers. Also of great 

influence on solar cell efficiency is the presence of 

transition metals in silicon. There is evidence that 

crystallographic defects in silicon can influence solar-cell 
(2) 

efficiency . Only few exact data are available correlating 
the influence of crystal defects, lifetime, and solar-cell 
efficiency. Therefore, we have measured the influence of 
dislocations and other defects in ribbons on generation 
lifetime and solar cell efficiency. 

" . f r ) : ■' •' • .V ' 

: • ■ ;; u ^ - , • . . 

Dislocations in ribbons are randomly distributed throughout 

the grains or they are aligned in the slip directions. 

Transmission electron microscopy investigations of ribbons 

with (Oil) surface orientation show that these dislocations 

have Burgers vectors a/2 (110] parallel or inclined to the 

'Oil ) ribbon surface. For such dislocations one finds that 

the product of lifetime (t) and dislocation density (N Q ) is 

_2 

approximately t x N D * 0.5 sec*cm . This is a factor of 30 

f '' v, ■ • 

lower than reported; for grown- in dislocations in float zone 

if' / Q \ 

silicon of 1000 H-cm resistivity 1 . Assuming that the 

lifetime measuring techniques used in reference 9 
(photovoltaic decay technique) and the MOS C-t technique ^ 
give comparable results for the bulk lifetime this would 
indicate that the electrical activity of 60° dislocations in 
ribbons is higher than the electrical activity of grown-in 
dislocations in float zone crystals. This conclusion 
appears reasonable. (See also page 248 of this report.) 
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Transmission electron microscopy investigations of 
electrically active and non-active boundaries were also made 
and are presented in the next section. These investigations 
indicate that all non-active boundaries are either first 
order (coherent) twin boundaries or are composed of multiple 
stacking faults. The electrically active boundaries are 
found to contain various amounts of dislocations. The 
electrical-activity of such boundaries depends on the number 
of dislocations present in the boundaries. 

Based on such electrical measurements and detailed 
structural investigations, ribbon quality is classified as 
shown in Table II-5. One arrives at four different 
categories of crystal perfection which are related to 
lifetime ranges and corresponding solar cell efficiency 
ranges . 

The classification presented in Table II-5 is a phenome- 
nological correlation of lifetime data and solar cell effi- 
ciencies. This classification is based on a large amount of 
experimental data and presents a good guide-line to ribbon 
quality and its influence on solar cell efficiency. 
Interesting in Table I 1-5 is the correlation given in 
columns three and four. Every lifetime range corresponds to 
a specific solar-cell efficiency range. Note that the 
standard Czochralski wafer, a defect-free wafer, has the 
best lifetime and also the best solar-cell efficiency. 
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Class 

Lifetime 
Range . 
[usee] 

Solar 

Cell Ef f . ♦ 

[X] 

Dominant Defects 

I 

1 to 10 

5 to 8 

Coherent twins# stacking 
faults# dislocations below 
lOVcm 2 • 

II 

0.01 to 1 

3 to 5 

Non-coherent twins# multi- 
ple stacking faults# low 
angle grain boundaries# 
dislocations above lOVcm 2 . 

III 

< 0.01 

1 to 3 

Grain boundaries# dislo- 
cations above lOVcm 2 . 

IV 

Not 

measurable 

— 

Silicon carbide dendrites 
on surface. 

Standard 

CZ 

10 to 500 

8 to 12 

None 

♦Measured at AMI# no anti-reflective coating. 
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ict we tend to believe that "high-efficiency” 
*y require a well controlled defect state in 
material. 


•t measurements# lifetime decrradina defects in 
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the severity of their impact on lifetime: silicon carbide 
dendrites# grain boundaries# dislocations, and partial 
dislocations. First order twins do not influence lifetime. 


The impact of these defects on solar-cell efficiency is 
established# and solar-cell efficiency ranges are given for 
the four different perfection states encountered in ribbons. 



Lifetime-degrading properties of different defects are 
qualitatively discussed and displayed through SEM EBIC 
contrast using Schottky contacts and solar-cell p-n 
junctions. 

5.0 STRUCTURAL CHARACTERIZATION OF SILICON RIBBONS 

This section of the report describes the analysis of crystal 
defects in CAST ribbons. First, the electrically-active 
defects are identified through EBIC contrast in the scanning 
electron microscope as decribed in the preceding section. 
Subsequently# the crystallographic structure of a specific 
defect is analyzed through transmission electron microscopy. 
Finally, its influence on minority carrier lifetime is 
determined through MOS C-t measurements . 



5.1 Measurements 



Based on electrical measurements and preliminary structural 
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investigations, ribbon quality can be classified into four 
categories. This classification was shown in Table II-2 in 
the preceding section entitled: Electrical Characterization. 

Accordingly, the different ribbon quality groups are related 
to certain lifetime and solar cell efficiency ranges. This 
classification presents a good guide-line to solar cell 
efficiency obtainable from ribbon sections of certain 
perfection. The following investigations have produced 
results in support of this original classification. 

5 . 2 Experimental 

Examples of ribbon sections representing the different 
quality groups listed in Table II-5, section 4.5 are shown 
in Fig. 11-22. MOS capacitors were fabricated on such 
ribbon sections, 24 mm x 60 mm, or 50 mm x 60 mm in size. 
Normally, 36 capacitors of 1.5 mm diameter were placed on a 
section. In some cases, high density masks with 400 
capacitors were used. The two masks are shown in Fig. 
11-23. Subsequently, generation lifetime of each capacitor 
was measured using the MOS C-t technique. After the 
lifetime measurements, the EBIC image of the MOS capacitor 
was obtained in the SEM, as described in reference 8. Thus, 
the subsurface defect structure in the silicon was displayed 
and qualitative information about the electrical activity of 
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b. Dislocations in boundary and in left crystal section 
Lifetime: 1.5 Msec 



c. Dislocations and active boundaries 
Lifetime: 0.145 nsec 


d. Dislocations and low-angle boundary 
Lifetime: 0.02 jisac 



Fig. 11-22. Defect pattern and lifetime distributions. 
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the crystal defects under the MOS dot was obtained. After 
the SEM investigation, the A1 MOS dots and the Si0 2 were 

stripped of the ribbon surface and some MOS areas were Sirtl 

f. 

etched to reveal the crystal defects under the MOS dot in 
the optical microscope. A comparison of EBIC picture and 
optical picture allowed one to differentiate between the 
electrically active and the non-active defects. However, 
most of the MOS capacitors were punched out after stripping 
Al and Si0 2 as 2 mm disks , (not Sirtl etched) and processed 
for TEM investigations. Before TEM investigations, the 
corresponding EBIC image of the MOS capacitor was studied. 
Details were obtained about the defect state in the silicon 
under the MOS dot as well as information was obtained about 
the electrical activity of the defects in the silicon under 
the MOS dot. Subsequently, the defects were analyzed in the 
TEM. A good correlation between defect state, type of 
defect, its influence on generation lifetime, and its 
electrical activity was thus possible. 

5.3 Results 

5.3,1 Defects in Class I Ribbons 

The most obvious defects encountered under steady state 
growth conditions are linear boundaries which are visible in 
the ribbon surface even prior to etching. These boundaries 
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tend to grow parallel to the ribbon edges. While the 
majority of these boundaries are twins or stacking faults, 
some of them are multiple stacking faults or low angle grain 
boundaries. The electrical activity of these boundaries 
depends on their crystallographic nature and can vary 
significantly. This is illustrated in Figs. 11-24. The 
EBIC picture of Fig. 11-24 (a) shows that most of the linear, 
parallel boundaries displayed in the optical micrograph of 
Fig. 11-24 (b) are electrically non-active except those at 
positions indicated by F and L. The activity is moderate 
for boundaries at F but is strong for boundaries at position 
L. 

Figure 11-24 (c) is an optical micrograph of area A indicated 
in Fig. 11-24 (b) at higher magnification and shows that the 
non-active boundaries are free of dislocation etch pits* 
TEM micrographs of this type of boundary are shown in Figs. 
11-25 (a and b) for ribbons of [Oil] and [211] surface 
orientation, respectively. These two surface orientations, 
especially the [Oil] are preferred orientations under steady 
state growth conditions. Twinning occurs in the (111) plane 
perpendicular to the [Oil] surface but inclined to the [211] 
surface. Using TEM image characteristics associated with 
twin boundaries and stacking faults, the boundaries in Figs. 
11-25 (a and b) are analyzed as first order (coherent) twin 







(a) EBIC micrograph show 
ing that most of the 
linear, parallel bound- 
aries displaced in the 
optical micrograph of 

(b) are electrically 
non-active except for 
those at the position 
indicated by F and L. 







Fig. II-24(c). Area A of Fig. 24(b) at 

higher magnification. 
The non-active bound- 
aries are free of 
dislocation etch pits. 
Pits are observed 
along FI and F2. 


\ 
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boundaries and stacking faults . Dislocations in or 
between these non-active boundaries, if any, are of very low 
density. There is only very weak electrical activity 
connected with such crystal areas. 

Electrical activity of dislocations depends on type, 
distribution, and density. It can vary from weak to strong. 
First, we discuss homogeneously distributed dislocations. 
An example is seen in the EBIC image shown in Fig. 
11-26 (a) . The corresponding optical micrograph obtained 
after Sirtl etching is given in Fig. 11-26 (b). A small area 
out of Fig. 11-26 (b) is shown magnified in Fig. 11-26 (c). 

The electrical activity of dislocations can be described by 

the product of minority carrier lifetime (t) and dislocation 

density (N D ) . For the 60° dislocations in ribbons, we find 

-2 

experimentally that N D x t ~ 0.5 sec ’em 

This would indicate that a dislocation density of 5 x 
5 2 

10 /cm results in a lifetime of 1 ysec. Thus dislocation 

5 2 

densities of up to 10 /cm are of relatively low electrical 
activity and acceptable in ribbon section. 

The crystallographic nature of such dislocations was 
investigated. TEM studies show that for ribbons of [011] 
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(a) ERIC micrograph showing 
the electrical activity of 
dislocations; (b) the cor- 
responding optical micro- 
graph obtained after Sirtl 
etching . 
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(c) a small area of 26(b) 
at higher magnification 
showing dislocation etch 
pits. The dislocation 
density, N n , is about 
1 x 10 s per cm 2 . 
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surface orientation, the dislocations are of the 60 type 
with Burgers vector either parallel or inclined to the 
ribbon surface. 

The dislocations are generated by stresses produced through 

the relatively large thermal gradients associated with the 

CAST growth technique. The density of dislocations (N D ) 

resulting from thermal stress effects can be estimated 

according to: N D = (a/a)*5AT where a - 5 x 10“®/°C, is the 

—8 

expansion coefficient of Si, a = 5.42 x 10 cm, is the 

lattice constant of Si, and 6 A T is the deviation from the 

average thermal gradient A T at the interface. The 

deviation from the average thermal gradient at the growth 

front is estimated to be approximately 100°C. This yields a 

4 2 

dislocation density of approximately 10 /cm , in good 
agreement with the density observed in the ribbons. 

Quite frequently a second type of dislocation arrangement 
occurs in CAST ribbons. Typical for this arrangement are 
dislocations piled up against twin boundaries in the slip 
directions. Such dislocation pile-ups lead to interesting 
interactions between twin boundaries and dislocations. As a 
result of this interaction, twin boundaries deteriorate and 
become electrically active. A TEM micrograph of such a 
boundary section is shown in Fig. 27 for a ribbon of [211] 
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TEM micrographs show 
ing dislocation 
piling-up against a 
twin boundary in the 
slip direction. 
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surface orientation. Figure 11-27 shows that the slip 
dislocations pile-up against the linear boundary. In this 
area, the boundary degenerates into multiple overlapping 
faults. The structure of this boundary is remarkably 
different from the structure of non-active twins and faults 
shown in Figs. 11-24 (a), 11-25 (a and b) . The degeneration 
of this boundary is at least partially due to the 
interaction with the slip dislocations. A mechansim for a 
possible reaction has been proposed by Friedel ^ ^ : 

a/2 [110] + a/b [112] - a/3[111] + a/b[211] + a/6 [011] 

This mechanism suggests that a slip dislocation with Burgers 
vector a/2 [110] in the (111) slip plane reacts with a twin 
dislocation b = a/6 [112] in the [111] twin plane to form a 
Frank dislocation a/3 [111]. The Frank dislocation 
disassociates into a Shockley and a stair-rod dislocation. 
In Fig. 11-27, the straight dislocations (marked S) in the 
[011] direction is most likely a stair-rod dislocation. It 
should be noted that the slip dislocations located 
approximately in the [011] or [101] directions are 60° 
dislocations, such dislocations are electrically active due 
to their dangling bond structure. Quite often different 
types of linear boundaries of moderate activity are also 
observed. An example is shown in Figs. 11-28. Upon Sirtl 
etching, such boundaries show a high density of dislocation 
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etch pits. This can be seen in Fig. 11-28 (a). Note that 

the dislocation density between such boundaries in a grain 
is very low. A TEM micrograph showing these boundaries is 
given in Fig. 11-28 (b) for a ribbon of [211] surface 
orientation. Fig. 11-28 (b) indicates that the boundaries 
consist of segments of stacking faults bounded by partial 
dislocations. The bounding partials arrange in a <11 0> 

direction. It is evident that the etch pits observed 

after Sirtl etching result from the emergence of these 
partials at the ribbon surface. 

It also can be seen that the fringe contrast' associated with 

these faults changes in two neighboring segments. The 

change in fault contrast is due to the change in fault 

nature. It changes from intrinsic to extrinsic or vice 

versa. An example is given in the bright-field and in 

the dark-field images of Figs. 11-28 (c and d) , respectively. 

According to established constrast criteria , the fault 

nature is intrinsic for segment I and extrinsic for segment 

II. These types of stacking faults have been observed in 

(121 

deformed nickel by Murr . He considers a single 
intrinsic stacking fault as a one- layer twin with the twin 
boundaries characterized by intermixed regions of h.c.p. 
structure. An extrinsic stacking fault, (two overlapping 
instrinsic faults) is therefore a two-layer twin with 
contacting h.c.p. regions. In effect, N-stacking faults on 
every (111) plane form an N-layer twin. Therefore, the 
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(a) optical micrograph showing that after Sirtl etching 
linear boundaries of moderate activity reveal a high 
density of etch pits; (b) TFM micrograph showing that 
the boundaries in (a) consist of segments of stacking 
faults bounded by partial dislocations. 







(c) the bright-field and (d) the dark-field images 
showing that two neighboring segments of a fault 
are different in nature. Segment I is extrinsic and 
segment II intrinsic. 







faults shown in Fig. 11-28 (b) can be considered as multiple 
layers of overlapping twins. The intrinsic segments are 
one-layer twins , and the extrinsic segments are two-layer 
twins. The fringe contrast arising from a three-layer 

twin is relatively weak. 

5.3.2 Defects in Class^II Ribbons 

As ribbon quality degrades, dislocation bands and 

degenerated linear boundaries are the dominant defects in 

silicon ribbons. Such defects are strongly electrically 

active and are shown in Figs. 11-29 (a and b) . It can be 

seen that boundaries at position L are much more active than 

the boundaries at position F. Fig. 11-29 (c) is a high 

magnification of area A indicated in Fig. 11-29 (a), and 

shows differences in the etching characteristics of 

* 

boundaries at positions L and F. While boundary F is 
revealed as a sharp line, conical etch pits are seen along 
the boundary L. Linear boundaries of such etching behavior 
are low-angle grain boundaries. This is supported by the 
following observation: Conical pits are also observed along 

such boundaries whenever they are etched from the backside 
as it is done for TEM specimen preparation. The etch pits 
are similar to the one observed along low-angle tilt 
boundaries in germanium/ 1 . 
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(a) PBIC micrograph showing 
that dislocation bands and 
degenerated linear bound- 
aries are strongly 
electrically active; 

(b) the corresponding 
optical micrograph of (a) . 





The TEM micrograph of a low-angle grain boundary L for a 
ribbon of [Oil] surface orientation is shown in Fig. 
11-30. The boundary L as well as the twin planes T are in 
the (iTl) plane perpendicular to ribbon surface. The 
specimen was tilted into the {T21} zone to display the 
dislocation structure in the boundary. Figure 11-30 shows 
that the boundary consists of parallel dislocation arrays in 
the <110> directions. The spacing between these 
dislocations ranges from 0.1 to 0.4 pm with an average 
spacing of 0.2 pm. Most of the dislocations are out of 
contrast for the [11 T] reflection in the {T21} zone and also 
for the [13T] reflection in the -{013} zone. Thus the 
Burgers vector, b, of these dislocations is a/2 [101]. 

The misorientation 0 between the grains A and B associated 
with the boundary can be measured directly from the 
diffraction pattern of a selected area (SAD) . This is done 
in the microscope by adjusting the surface normal of grain 
B, the [011] axis, almost parallel to the main beam as shown 
in Fig. 11-30. The misorientation between grains A and B is 
measured as the shift of the [011] axis with respect to the 
main beam. The SAD of grain A shows that the shift is 
approximately two [111] spacings in the [ 1 T 1 ] direction. 
From the Bragg equation, one [111] spacing corresponds to 
0.46° for 200 keV electrons. The misorientation is 
therefore approximately 0.92°. Thus, the boundary is a low 
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Fig. 11-30. TEM micrograph showing dislocations associated with a 
low-angle grain boundary. The misorientation between 
grain A and B as measured from the shift of the [Oil] 
axis (0) with respect to the main beam (X) is about 
0.92°. 




. , ! 




SAD of Gra n A 


SAD of Grain B 



angle tilt boundary with the rotation axis in the [21 T] 
direction. This direction is the growth direction. The 
misorientation , is only 0.22° if calculated from the 
dislocation spacing D (taken as 0.2 ym) . However, it should 
be noted that in some cases, the shift of the surface normal 
is in the [OTl] direction rather than in the [iTl] 
direction. Thus, the boundary is not of the pure tilt 
type but is a mixture of a tilt and a twist boundary. 

Although areas of low dislocation densities have a 
negligible influence on the minority carrier lifetime high 
dislocation densities as present in dislocation clusters or 
bands Fig. 11-29 (c) represent areas of strong electrical 
activity. Again, a Burgers vector analysis of the 
dislocations in such clusters was made. For the sample area 
shown in Fig. 11-29 (c), different TEM micrographs were 
recorded using different operating reflections (g) in the 
<01 1> and <11 2> zones. Examples of these micrographs are 
given in Fig. 11-31 (a) through 31 (e) . The results are 
summarized in Table II-6. 
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Fig. 11-31. TEM micrographs for the determination of Burgers vectors of band 
dislocations. (a) 022; (b) 111; (c) 400; (d) 131 and (e) 311 
ion . 
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TABLE II-6. Burgers Vector Analysis of Dislocation 
Bands 


Disloca- 
tion No. 

g 

for Dislocation 
Invisibility 

Burgers 

Vector 

b 

Dislocation 

Direction 

1 

111, 131 

a/2 

[101] 

[110] 

2 

400, 311 

a/2 

[011] 

[110] 

3 

111, 131 

a/2 

[101] 


4 

400, 311 

a/2 

[011] 


5 

400, 311 

a/2 

[011] 



* Accordingly, the dislocations have Burgers vectors of the 

a/2 < 1 1 0 > type, either parallel or inclined to the (Oil) 

ribbon surface . 


i 
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There are two groups of dislocations distinctly different in 
their line directions. One group, dislocations #1 , 2 and 3, 
in Table II-6 is inclined to the surface and the other, 
dislocation #5 in Table II-6 is nearly parallel to the 
surface in the [211] growth direction. Both groups have 
similar Burgers vectors. Stereomicrographs reveal that the 
inclined dislocations tend to stay in a < 1 1 0 > direction 
whenever they are in the neighborhood of a linear boundary. 
Their orientation becomes ill-defined when they move away 
from the boundary. An example of such inclined dislocations 
present in a relatively small grain of several microns in 






size and bounded by two linear boundaries is shown in Fig 
11-32. 


The long dislocations with line directions directed into the 
growth direction are observed at a relatively large distance 
from a linear boundary. Fig. 11-33 (a) shows such long 
dislocations. The Burgers vectors of these dislocations , is 
either a/2 [Oil] or a/2 [101], and is the same as found for 
the inclined dislocations Fig. 11-32. The formation of 
these dislocations is observed independent of surface 
orientation. Another example of long dislocations for the 
[211] surface orientation, is shown in Fig. 11-33 (b). This 
type of long dislocation directed along the growth direction 
has also been observed in silicon web-dendrite 

(14) 

crystals . In dendrites, their occurrence is 
stress-induced and is the result of liquid entrapment in the 
dendrite-filled region. The similarity of such dislocations 
in web-dendrite and in CAST ribbons is shown in the x-ray 
topographs of Figs* . 11-34 (a,b) . Both have the same Burgers 
vector . 


In most Cases, the dislocations assume an intermediate 
structure between these two groups of dislocations. A 
stable configuration is formed through interaction of 
dislocations with different Burgers vectors. Such 
configurations are shown in Fig. 11-35 (a and b) . Quite 
often, triple nodes are observ^ which form according to the 
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X-ray topographs showing that 
dislocations tend to align in 
the growth direction in (a) 
web-dendritic crystals and in 
(b) CAST ribbons. 
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reaction: a/2 [Oil] + a/2 [101] -*■ a/2 [110]. This reaction 
results in a reduction of half the dislocation energy. The 
resultant segments, with Burgers vector b * a/2 [110], are in 
the [T 10] direction. Thus, they are 90° dislocations with 
the unfavorable (001) slip plane. The movement of 
dislocations of type #5 in Table II-6 is retarded through 
this reaction. 

The misorientation of the grains across the boundaries and 
the detailed structure of such boundaries as shown in Figs. 
11-29 through 32 were also investigated. The 
misorientation ranges in general from 0.5 to 1° off the 
[iTl ] direction. A typical structure of such a boundary 
as viewed from a [211] projection is shown in Figs. 
11-36 (a) and 36(b). These boundaries consist of multiple 
overlapping layers of Stacking faults or twins. Note that 
quite often they act as dislocation sources. While one end 
of a dislocation is emitted from a boundary. Fig. 11-36 (a) , 
the other end is still pinned at the boundary. This suggest 
that the emission of a dislocation may result from the 
defaulting or from the detwihning of such a boundary. The 
formation of dislocation loops and dislocation lines as a 
result of such defaulting processes can also be clearly seen 
in Fig. I I- 36(b). Figure 11-36 (c) shows that one 
dislocation loop and two dislocation segments are about to 
be emitted from a linear boundary. 
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5.3.3 Defects in Class III Ribbons 

As ribbon quality continues to degrade, grain boundaries as 
well as other active defects become more predominant. Grain 
boundaries show strong electrical activity as shown in Figs. 
11-37 (d,b) and 11-33 (a, b) . Figs* 11-37 (c) and 11-38 (c) show 
also that a high etch-pit density is typical for dislocation 
bands. However, close to the grain boundaries the 
dislocation density is relatively low. The structure of the 
grain boundaries obtained after chemical etching Fig. 
11-37 (c) appears similar to that of the low-angle grain 
boundaries, shown in Fig. Il-29(c) at positions L. As 
shown later, by TEM analysis grain boundaries contain a high 
density of closely spaced dislocations. The strong 
electrical activity of grain boundaries arises from such 
dislocations. Grain boundary dislocations in silicon 
ribbons are not revealed by chemical etching. 

The electrical activity of various crystal defects ranging 
from non-active parallel twins to strongly active 
dislocation bands and grain boundaries is again illustrated 
in Figs. 11-38 (a, b). 

Grain boundaries are the result of non-accommodation of two 
crystal lattices at the intersection of two crystal grains. 
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Fig. 11-37. (a) EBIC micrograph show- 

ing that grain boundaries 
and dislocation bands are 
strongly electrically 
active; (b) the corres- 
ponding optical micro- 
graph of (a) . 
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(c) area A marked, in Fig. 11-37 Cb) 
at higher magnification. Note a 
high density of dislocation etch 
pits . 
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(c) area A in Fig. 11-38 (b) at 
higher magnification shows high 
etch-pit density in dislocation 
bands. Note relatively low 
density close to grain bound- 
aries. Note etch pits in 
boundaries at positions L. 






(a) optical micrograph 
showing a zigzag bound- 
ary with a high density 
of dislocations piled 
up against the bound- 
ary. Dislocations 
left of boundary not 
revealed by etching. 
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Fig. 11-39. (b) and (c) are TEM micrographs showing dislocation 

pile-up on both sides of a grain boundary. Due to 
a change in thickness across the boundary, (b) and 
(c) were taken with different exposure times. 







grain is higher than it is in the IT21J grain. The linear 
faults in the [Oil] grain are in the (iTl) plane 
perpendicular to the surface and run in the [2Tl] direction 
(Figs. 11-40 (a ,b) ) . The faults in the [T21] grain are in 
the inclined (111) plane and are in the [T2f3] 
direction. The grain boundary is in the [3?2 ] direction 
of the [011] grain or in the [J45] direction of the (T21) 
grain. Thus the boundary direction makes an angle of 10.7° 
or 8.05° with the fault direction of the two grains, 
respectively. Figure 11-40 (a) shows that this angle is 
about 9° in both grains. From such data, it is deduced that 
the grain boundary is in the (2T2) plane of the [121] grain. 
This indicates that both grains have a common (122) boundary 
plane with a misorientation between the (2T2) plane and the 
(212) plane. This boundary plane makes an angle of 76.3° 
with the (Oil) surface or 74.2° with the (T21) surface. 
This indicates that both grains must tilt around the 
boundary direction by 2.1°, such that the boundary plane can 
satisfy the crystallographic conditions described. Figure 
11-40 (b) recorded with the g-vector [202] shows that the 
boundary contains many "ledges". Ledges are defined at the 
end of the next paragraph. It is interesting to note that 
the faults typical for each grain do not intersect the grain 
boundary. Apparently, there is a repulsive force active 
preventing such an interaction. 
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Fig. 11-40. 


(a) optical micrograph showing a grain boundary 
formed at the intersection of the [Oil] and the 
li grains; 0>) TEM micrograph showing that 
the boundary contains many ledges. The ledges 
in the boundary and the fault were revealed by 
tilting the {022} grain to the {121} zone. 
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A “ledge" structure is observed in nearly all straight 
portions of a grain boundary independent of the 
crystallographic plane it occupies. Figures 11-41 (a, b) show 
that the ledge contrast arises from the (1lT) grain boundary 
of a (211) grain. The micrographs in Figs. 11-41 (a, b) were 
taken with g-vectors [Til) and [2?0J . With the [220] 
reflection, obtained by tilting the specimen towards the 
[111] zone axis , the ledge contrast disappears and 
dislocation contrast can be recognized. It is evident that 
not all “ledges" are dislocations. A similar ledge structure 
has been observed in grain boundaries of stainless 
steel Murr, et al,^^) interpreted such grain boundary 
ledges as a result of adjustment or of shuffling of the 
crystal planes forming the boundary. Shuffling of 
crystal planes is necessary to give rise to coincident 
lattice sites or boundary positions resulting into a lower 
energy configuration. 

Grain boundaries formed by two grains — one of low index 
orientation and the other of high-index orientation are also 
frequently observed. Such grain boundaries contain many 
dislocations. Figure 11-42 shows such a boundary formed by 
grains A, B, and C. As determined from Kikuchi patterns, the 
surface orientations of the grains marked A, B, C, are 
[Oil], [237], and [273], respectively. The dislocation 
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TEM micrograph showing that the ledges lying in the 
(111) plane of a (211) grain are (a) in contrast with 
g * 111, and (b) out of contrast with g » 2J0 by 
tilting the grain toward the (111) zone. 
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TEM micrograph showing a grain boundary_(g) 
formed by the (Oil) grain (A) and the (273) 
grain (c) . The boundary contains a high 
density of dislocations. S. and S 2 are 
stacking faults. T is twin A boundary . 
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spacing in the boundary varies from 0.1 to 0.2 pm. As the 
spacing decreases, the dislocations progress from curved 
lines to straight, parallel lines. These straight 
dislocations finally pile up at the intersections formed by 
the grain boundary G and boundaries S 2 » and T. This 
indicates that such intersections act as a barrier for the 
movement of these dislocations. The parallel boundaries, 
S.j and Sj, are stacking faults, boundary T is a twin 
boundary as determined from the contrast of the outer 
fringes. It should be noted that the dislocation contrast 
appears to be dark when grain C is the strongly diffracting 
grain (Fig. 11-42 ) . The contrast reverses for Opposite g 
vector. This contrast reversal is not observed when grain A 
acts as the strongly diffracting grain. According to 
McDonald and Ardell , such a contrast reversal occurs 
only in the grain boundary which lies in the lower surface 
of the strongly diffracting grain. Therefore, the boundary 
G lies in the lower surface of grain C or the upper surface 
of grain A. 


The strong activity of grain boundaries is tied to the low 
density of coincidence lattice sites available in such 
boundaries. In Order to lower the boundary energy, lattice 
bonds at the boundaries must rearrange themselves. This 
leads to bond distortion and, as a result gives rise to a 
high density of dislocations or ledges. These dislocations 
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and/or ledges act as strong recombination centers and cause 
the strong electrical activity of the fault. 

§ . . 
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| 5.3.4 Defects in Class IV Ribbons 

' ! ' 

Silicon Carbide Dendrites and Inclusions 

Silicon carbide inclusions lead to the formation of various 
kinds of grain boundaries. These boundaries can be twin 
boundaries , low-angle and/or high-angle grain boundaries. 

An example of a SiC inclusion and its result on ribbon 
perfection is shown in Fig. II-43(a). In these figures, 
the inclusion is indicated at position I. As determined 

from the Kikuchi patterns shown in Figs. 11-43 (b and c) , the 
surface orientation for grain A, is [211 ]. For grain B it 
is [255]. The boundary , B^ , in the [OlT] direction, is a 
twin boundary with the (111) twin plane inclined 19.5° to 

4 ' 

the surface of both grains. The surface orientation of 
grains C and D is about 1° off the [211] orientation of 
grain A. Thus, the boundaries, and B CD represents a 

^ ‘ low-angle grain boundary. The boundaries, B BC and B RD are 

I high-angle grain boundaries . Such boundaries are not in 

I fixed position relative to the lattice but tend to rotate 

during the growth of the ribbon. The rotation is 
accomplished by the generation of ledges and dislocations in 
‘ the boundary plane. 




mmm 
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inclusion of a 
f various kinds 







(b) electron diffraction pattern of grain A and 

(c) of grain B. 



Considerable progress in ribbon perfection could be made 
through achieving control of seeding and thus control of 
surface orientation. So far, surface orientation of 
ribbons, even if obtained under steady-state growth 
conditions, is at best fortuitous. 



To obtain ribbon of controlled surface orientation must be a 
major goal of all future work in ribbon growth. Otherwise, 
there is little hope to eliminate grain boundaries and 
dislocation clusters during ribbon growth. 

The reduction or total elimination of SiC particles is also 
an important goal of future ribbon growth development. Here 
we have made considerable progress. In this context clever 
die design leading to the high melt meniscus technique and 
the use of silicon carbide coated dies are helpful factors. 
In conclusion, we feel that ribbon growth through capillary 
action shaping remains a redoubtable task if it has to 
compete with the perfection level of Czochralski, Float 
Zone, or even web-dendrite crystals. Nevertheless, the 
technique has an excellent potential to out perform CZ or FZ 
techniques. One future breakthrough — most likely in the die 
material — could tip the balance in favor of CAST or similar 
techniques. 


I 
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6 . 0 FUTURE QUALITY IMPROVEMENTS 


Compared to Czochralski (CZ) or Float Zone (FZ) techniques 
ribbon growth is a fairly young crystal growing technology. 
Therefore, it is anticipated that future improvements of the 
growth technique will give better control of ribbon 
perfection* Ribbon quality should be such that better than 
12X solar cell efficiency can be obtained. Such high 
efficiencies are possible through a reduction of 
electrically active defects. Table II-7 summarizes these 
defects in CAST ribbons. 


TABLE II-7. Electrical Activity of Crystal Defects 
in Ribbons 


Group I 

Strongly Active 

Group II 

Moderately Active 

Group III 
Non-active 

Silicon carbide 
dendrites and 
inclusions 

Multiple over- 
lapping stacking 
faults 

First order 

(coherent) 

twins 

Grain boundaries 

Grown -in 
dislocations 

Stacking 

faults 

Degenerated 
twins, low- 
angle boundaries 



Dislocation 

bands 





We have evidence that elimination of group I defects as 

listed in Table II-7 could result in a better than 12% solar 

cell efficiency. This is supported by measurements 

presented in Fig. 11-44 which gives the I-V characteristics 
2 

of a 1 cm CAST solar cell processed and tested by the JPL 
laboratory. The ribbon section comprising the cell 

contains one low-angle boundary but nevertheless the 

efficiency of the cell is 11.9%. Without the boundary the 
efficiency of this cell would compare favorably with the 
efficiency of a solar cell made from material of high 
perfection. 
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Ill SILICON RIBBON TECHNOLOGY ASSESSMENT: 1978-1986 

by 


A. Kran 

1 . 0 INTRODUCTION 

This chapter of the final report presents our current 

economic outlook for silicon ribbon technology from 1978 to 

1986. The outlook is presented within the framework of two 

sets of scenarios, which develop strategy for approaching 

the 1986 national energy capacity cost objective of 

2 

$0. 50/WE peak. This objective translates to ~ $25/m at the 
level of silicon sheet material. Scenario set 1 leads to 
$50/m and scenario set 2 to ~ $25/m silicon sheet 
material. (All costs are in 1975 dollars.) 

Scenario set 1 defines what we today consider practical 
ribbon technology. (Technical feasibility already demon- 
strated) . Using PECAN*, our decision analysis and support 


•Photovoltaic Energy Conversion Analysis 


i 
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system, we develop a 1986 sheet material price ($50/nr), 
which we believe can be attained without further scientific 


breakthrough . 


sensitivity analysis, which further 


examines key technology parameters (ribbon width, growth 
rate, conversion efficiency, poly cost) is also presented. 


Scenario set 2 also analyzes 1986 ribbon technology, but 
from the premise that technical feasibility has yet to be 
demonstrated. Silicon ribbon technology is still young, and 
the possibility of major advances must not be 
underestimated. Here " show- s topper s" are envisioned that 
might occur if ribbon technology development continues. 


2.0 PECAN DECISION ANALYSIS SYSTEM DESCRIPTION 


PECAN is a decision analysis and support system for the 
evaluation of production units (or manufacturing sectors) 
required during photovoltaic product fabrication ^ 1 ^ . For 
the analysis of ribbon material, PECAN is used in its 
simplest form, since only one production unit (ribbon 
growth) is involved. 


Following is a general description of PECAN, as it is 
utilized for evaluating the technology/economic tradeoffs of 
fabricating solar cells. Broadly speaking, PECAN is a 


si 1. I 




deterministic simulator coded in APL (2) , which is a high 
level, interpretive programming language. Fully documented, 
the software system consists of about 40 functions 
(subroutines) and requires approximately 80,000 bytes of 
storage. It was designed for evaluating the potential of 
terrestrial photovoltaic solar energy conversion in a highly 
interactive manner. 

PECAN has been implemented in a time-shared manner on large 
host systems supporting APL.SV or VSAPL. It is primarily 
designed for use on cathode-ray tube type terminals and high 
speed (1200 baud) telephone lines. 



PECAN was structured such that when analyzing technology, 
the decision maker and simulation model interact as a team. 
This is represented in Fig. III-1, showing where (display 
symbol) the decision maker interacts with the model. 



As can be seen, the simulation model handles production 
units sequentially, starting with the first manufacturing 
operation. 

3.0 INTERACTIVE SIMULATION AND THE PRODUCTION UNIT CONCEPT 

The PECAN simulation concept has become a valuable aid for 
making tactical decisions concerning near- in development 



























milestones. Because the technologist is aware that 
economics# not technology# will limit the early utilization 
of solar power# he must be able to measure the quantitative 
impact on solar cell cost of pursuing one technological goal 
as compared to another. (For instance, should he work on 
increasing ribbon width or growth rate?) 

In general# the purpose of the PECAN simulation system is to 
mimic the factory in a carefully defined manner# following a 
narrow path between oversimplification and overcomplication. 
To do this# solar cell fabrication is divided into its major 
functional operations# or production units. Each production 
unit is described to the simulation system in terms of about 
70 parameters contained within three categories: processing 
technology# resources (capital equipment, manpower, etc.) 
and raw materials. 

Category 1 consist of processing-related parameters, such as 
crystal growth rate# crystal diameter# and percent yield of 
material for solar-cell fabrication. 

Category 2 comprises direct cost items# such as crystal 
growth system cost. Also included here are direct personnel 
required to assure efficient operation of the factory. 
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Category 3 contains polysilicon cost, services and supplies, 
and completes the list of specifically named items. The 
remainder — overhead, general and administrative expenses, 
and profit — are defined as percentages relating to other 
direct-cost-items . 

Output consists of the major factors contributing to sheet 
material and energy capacity cost. They include the 
following direct cost elements, calculated in dollars per 
square meter: labor, equipment capital recovery, materials, 
and services and supplies. Also calculated in dollars per 
square meter are overhead cost, G6A expense, and profit. 



4.0 ECONOMIC OUTLOOK FOR $50/m 2 SILICON RIBBON (Scenario 
Set 1) 


4.1 Business Strategy of Hypothetical Firm 


After a decision has been made to produce ribbon material in 
quantity, the following question must be answered: at what 
point should technology development be frozen in order to 
set up a production capacity? It is generally understood 
that at least a four-year lead time is required to progress 
from technology readiness to a full-scale production 
capability. 





For this hypothetical firm, let's assume a three-stage 
business implementation strategy. The strategy consists of 
entering the market place with new product at three points 
in time: 1982, 1984 and 1986. To accomplish this, 
technology must be frozen in 1978, 1980 and 1982 
respectively . Such strategy represents one approach to the 
dilemma of entering the market early with a high-cost 
product, as compared to delaying market entry until a 
low-cost product is ready, but then facing established 
competition. 

Table III-1 summarizes the strategy timetable. Scenario 1 
(of set 1) proposes to freeze ribbon technology in 1978 and 
phase it into large scale production by 1982. This implies 
that between 1978 and 1982, no technological advances can be 
incorporated, and that the difference between 1978 and 1982 
ribbon price is solely attributable to (hopefully) lower 
poly cost. The same conditions apply to the other two 
scenarios, except that there will be opportunity to continue 
technology development for two and four more years, 
respectively. 
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TABLE III-1. 


Ribbon Technology Scenario Set 1 


SCENARIO 

NUMBER 

FREEZE 

TECHNOLOGY 

FULL-SCALE 

PRODUCTION 

TECHNOLOGY 

OUTLOOK 

1 

1978 

1982 

1986 

2 

1980 

1984 

1986 

3 

1982 

1986 

1986 


4.2 Silicon Ribbon Technology Requirements 

The Table III-2 conservative outlook for ribbon technology 
is based on the assumption that no further scientific 
breakthroughs will occur between now and 1982. In addition , 
practical considerations are given preference over 
technological availability. For instance (see Table 
III-2) , ribbon geometry objectives (10 cm width, 0.3 mm 
thickness) for solar cell applications have already been 
met. Even though wider and/or thinner ribbon may be 
possible from a crystal growth standpoint, no change is 
reflected in this conservative analysis, because 10 cm wide, 
0.3 mm thick ribbon is attractive from the standpoint of 
subsequent solar cell processing. 

As stated before, the following procedure is used in 
defining parameter values, which result in the 1986 sheet 
material prices: once technology is frozen for the three 




TABLE III-2. Conservative Outlook for Ribbon Technology 


TECHNOLOGY STATUS: 

1978 

1980 

198? 

WIDTH (cm) 

10 

10 

10 

GROWTH RATE (X of Max) 

35 

50 

75 

(m/hr) 

1 .8 

2.5 

3.8 

THICKNESS (mm) 

6.3 

0.3 

0.3 

YIELD (QUALITY) (*) 

80 

85 

90 

(TO RIBBON) (%) 

80 

85 

90 

EFFICIENCY (%) 

11 

12 

13 

RIBBON PULLER (k$) 

50 

50 

50 

AVAILABILITY (X) 

80 

85 

90 

INTEREST RATE (*) 

10 

10 

10 

POLY COST ( $/kg) 

60 

45 

25 

CRUCIBLE/DIE/PARTS ($/DAY) 

58 

62 

45 

POWER ($/kWH) 

0.05 

0.05 

0.05 

ENERGY (kW) 

16 

16 

12 

LABOR (PER SHIFT PER MACH) 




SUPV./SUPT. 

0.05 

0.05 

0.05 

ENGRG 

0.10 

0.10 

0.10 

TECHNICIAN 

0.10 

0.10 

0.10 

LABOR RATES (K$/YEAR) 




SUPV./SUPT. 

25 

25 

25 

ENGRG 

20 

20 

20 

TECHNICAN 

10 

10 

10 

PLANT OPERATION 




HOURS PER WEEK 

168 

168 

168 

WEEKS PER YEAR 

50 

50 

50 

OVERHEAD RATE j 




AS 5? OF PERSONNEL COST 

100 

100 

100 

AS % OF RAW MAT'L COST 

G S A 

25 

25 

25 

AS % OF DIRECT COST 




PIUS OVERHEAD 

25 

25 

25 

PROFIT (%) 

15 

• 

15 

i 

15 



i 


j 


i 


i 
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cases shown in Table III-2, no further technology advances 



may be introduced through 1986. However, moderate 
improvements, brought on by effective manufacturing 
engineering, are possible. (For example: better labor 
efficiency, lower parts costs). 

Review of Table III-2 shows that many parameter values are 
identical for the three years. This is to be expected for 
the non-processing related ones, since parameters, such as 
direct labor or labor rates, are unlikely to change as a 
function of improving technology performance. 

Processing technology parameter values, however, are 

(3) 

expected to improve. Here, our previous work has shown 
that ribbon width, poly silicon cost, conversion efficiency, 
and growth rate are most sensitive to achieving lower sheet 
material cost. Since ribbon width is already fixed at 10 
cm, and poly silicon is a bought raw-material item, the 
direction of our subsequent work is clear: strive for 
improved quality ribbon, grown at twice the current growth 
rate (3.8 m/hr). Ribbon quality must be "good" in order to 
yield 13X conversion efficient cells. 



'•! 
a , 


■! 



4.3 Discussion of Business Implementation Alternatives* 



4.3.1 


Approach to Scenario Development 


Table III-2 presented our conservative outlook for silicon 
ribbon. It is based on the assumption that technology 
development is to be continued until the three years (1978, 
1980, 1982) shown, and frozen thereafter. These three years 
are subsequently used as the base for developing the three 
scenarios for the target year 1986. 


Figure III-2 repeats the information previously shown in 
Table III-2, but is using the PECAN input data format. As 
can be seen, the anticipated benefit of continuing ribbon 
development beyond 1978 up to 1982, is that growth rate is 
expected to double (from 1.8 to 3.8 m/hr), yields to improve 
from 8055 to 9055 , conversion efficiency to increase from 11% 
to 13%, and equipment availability (better machines) to 
advance from 80% to 90%. 


►All costs are in 1975 dollars. 
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ORIGINAL PAGE IS 
OR POOR QUALITY 


usr <2£ mm emuems m um mma mlues 

RIBBON DATA FROM SIMULATIONS 70 71 72 FILE OPENED 11/04/75 


YEARS ARE* 1970 I960 1902 

1 RIBBONS GROUN SIMULTANEOUSLY - 111 

2 RIBBON UIDTH, CM - 10.0 10.0 10.0 

3 RIBBON GROUTH RATE, M/HR - 1.78 2.54 3.81 ..Off AS PCT 35 50 75 

4 RIBBON THICKNESS. MM 0.30 0.30 0.30 

5 YIELD OF CELL QUALITY RIBBON, PCT - 80 85 90 

e mum NACE. DOLLARS - 50000 50000 50000 

7 EQUIPMENT LIFE, YEARS - 7.0 7.0 7.0 

8 INTEREST RATE. PERCENT - 10.0 10.0 10.0 

9 EQUIPMENT AVAILABILITY . PERCENT - 80 85 90 

PERSONNEL PER SHIFT PER MACHINE 

10 11 NO. OF SUPUS > 0.05 0.05 0.05 AT 9 - 25000 25000 25000 

12 13 NO. OF ENGRS * 0.10 0.10 0.10 AT 9 - 20000 20000 20000 

14 15 NO. OF TECHN - 0.10 0.10 0.10 AT 9 - 10000 10000 10000 

16 POLY SILICON COST, DOLS/KG - 60 45 25 

17 POLY YIELD TO RIBBON, PERCENT - 80 85 90 

SERVICES AND SUPPLIES 

18 CRUCIBLE /DIE /PARTS COST PER DAY - 58 62 45 DOLLARS 

19 POUER COST AT - 0.05 0.05 0.05 DOLLARS PER KUH 

20 ENERGY TO OPERATE EQUIPMENT - 16 16 12 KU 

21 22 Q/U * 100 100 100 PCT OF PERS • 25 25 25 PCT OF RAU NATL COST 

23 G_8ML8 * 25 25 25 PERCENT OF DIRECT COST •OVERHEAD 

24 e&Qlll BEFORE TAX, PERCENT - 15 15 15 OF DC*0/H,G»A 

25 t *Wofto3^ffff C H?i/ffS - 168 168 168 

26 CONVERSION EFFICIENCY. PERCENT - 11.00 12.00 13.00 

27 ENERGY DENSITY AT AMX.KU/SQ M PEAK - 111 


08:50. *36 APR 20.1978 


: ig. Ill -2 


For Ribbon Tec " noi °*>'- 




The result from running the model with the input parameter 

values of Fig. III-2 is shown in Table III-3. The prices 

reduction from $209/m 2 to $72/m 2 , or about a factor of 

three, includes the anticipated lower cost of 

polycrystalline silicon in 1982 ($25/kg rather than 

$60/kg) . Without the lower cost poly, the reduction in 

2 

price would have been from $209/m 2 to ^^4/m , or about 41 %. 
The three scenarios will be discussed next. 

ORIGINAL PAGE IS 
OF POOR QUALITY. 

EGQUQUICS QE SILICQtt RMQtt - QdE RlUQtl CULLER 


SIMULATION NOt 
YEARS i 

70 

1970 

71 

1980 

72 

1962 

RIBBONS GROUN SIMUL TANEOUSL Y 

1.00 

1.00 

1.00 

RIBBON UIDTH, Cfl 

10.00 

10.00 

10.00 

AVG YIELDED GRONTH RTE $SQ M/HR 

0.11 

0.10 

0 1 31 

COMBINED YIELD FACTOR 

0.64 

0.72 

0.81 

DIRECT COST IN DOLS/SQ METER 
EQUIPMENT CAPITAL RECOVERY 
PERSONNEL 
POLY SILICON COST 
SERVICES/SUPPLIES 

10.75 

18.69 

65.53 

20.01 

6.67 

11.59 

43.54 

13.77 

3.97 

6.09 

21.57 

6.09 

SUBTOTAL i 

115.79 

75.57 

30.53 

OVERHEAD COST IN DOLS/SQ METER 
G*A EXPENSES IN DOLS/SQ METER 
PROFIT IN DOLLARS /SQ METER 

29.18 
36.24 

27.18 

19.45 

23.76 

17.82 

11.26 

12.45 

9.33 

TOTAL COST IN DOLS/SQ METER 

208.39 

136.59 

71.57 

DOLLARS PER KU 

1894.42 

1130.26 

550.52 


■A 
■ \ 

TABLE HI - 3 . Conservative Outlook For Ribbon Technology . j 

Output From PECAN. j 
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4.3.2 


Three Technology Implementation Scenarios 


Scenario 1 postulates that technology be frozen in 1978 and 
manufacturing readiness is achieved four years later , in 
1982. Subsequently, ribbon is produced through 1986, the 
target year for this analysis. The years of interest then 
are 1982, 1984, and 1986, and are the respective input 
parameter values to PECAN, as shown in Fig. III-3. There 
is no difference between 1978 (Fig. III-2 and 1982 
(Fig. III-3) except for the lower poly cost. 


US r QE SIMM 88880CZUS 60S I HUB BSSIQHID UBLUIS 
RIBBON DATA FROM SIMULATIONS 73 74 75 FILE OPENED 11/04/75 


YEARS ARE* 


1952 1984 1956 


1 RIBBONS CROHN SIHUL taneousl y - 1 1 

2 RIBBON UIDTN. CM - 10.0 10.0 10.0 

3 RIBBON GROUTH RATE.fl/HR - 1.78 1.78 

4 RIBBON THICKNESS, tlfl 0.30 0.30 0.30 

5 YIELD OF CELL QUALITY RIBBON. PCT - 


1.78 ..0* *S *Cf 35 35 35 

80 82 85 


6 Hm/HL*. DOLLARS - 50000 45000 45000 

7 EQUIPMENT LIFE. YEARS - 7.0 7.0 7.0 

8 INTEREST RATE. PERCENT • 10.0 10.0 10.0 

9 EQUIPMENT AVAILABILITY , PERCENT - 80 82 85 

PERSONNEL PER SHIFT PER MACHINE 

10 11 NO. OF SUPVS - 0.05 0.05 0.05 AT B - 25000 25000 25000 

12 13 NO. OF EN6RS - 0.10 0.07 0.07 AT B - 20000 20000 20000 

14 15 NO. OF TECHN - 0.10 0.10 0.10 AT f - 10000 10000 10000 

16 POLY SILICON COST. DOLS/KG - 25 15 10 

17 POLY YIELD TO RIBBON. PERCENT - 80 82 85 

SERVICES AND SUPPLIES 

18 CRUCIBLE/DIE/PARTS COST PER DAY - 58 55 50 DOLLARS 

19 POUER COST AT - 0.05 0.05 0.05 DOLLARS PER KUH 

20 ENERGY TO OPERATE EQUIPHENTM - 16 16 16 KU 

21 22 Q/H - 100 100 100 PCT OF PERS • 25 25 25 PCT OF RAU NATL COST 

23 G_6ttfi-6 - 25 25 25 PERCENT OF DIRECT COST •OVERHEAD 

24 CRQEll BEFORE TAX. PERCENT - 15 15 15 OF DC*0/H*G*A 
aiS CEL JLMI QUt 

25 UORKUEEK. HOURS - 168 168 168 

26 CONVERSION EFFICIENCY. PERCENT - 11.00 11.00 11.00 

27 ENERGY DENSITY AT AMl.KU/SQ M PEAK - 111 


Fig. II I -3. Scenario 1 (Set 1). Technology Frozen: 1978: 
Full Production: 1982. 


Inspection of Fig. III-3 reveals that between 1982 and 1986, 
there are some relatively minor improvements, such as in 
yields and equipment availability, attributable to 
manufacturing engineering effort. The output from the model 
(Table III-4) reflects this as a reduction in price from 
$145/m^ to $94/m^, or abot 45$. 


ECQUQUIQS QE SILICON SZSSQU - QNl SlUQN BULLS* 


SIMULATION NOt 
YEARS t 


RIBBONS GROUH SIMULTANEOUSLY 

RIBBON UIDTN. CM 

RUG YIELDED GROUTH RTE.SO M/HR 

COMBINED YIELD FACTOR 

DIRECT COST IN DOLS'SQ METER 
EQUIPMENT CAPITAL RECOVERY 
PERSONNEL 

POLY SILICON COST 
SERVICES/SUPPLIES 

SUBTOTAL t 

OVERHEAD COST IN DOLS/SQ METER 
G*A EXPENSES IN DOLS/SQ METER 
PROFIT IN DOLLARS/SO METER 

TOTAL COST IN DOLS/SQ METER 

DOLLARS PER KU 


73 

74 

75 

1982 

1984 

1986 

1.00 

1.00 

1.00 

10.00 

10.00 

10.00 

0.11 

0.12 

0.13 

0.64 

0.67 

0.72 

10.75 

9.21 

8.57 

16.69 

15.26 

14.22 

27.30 

15.59 

9.67 

20.61 

19.20 

16.69 

77.56 

59.26 

49.36 

23.06 

17.90 

15.97 

25.16 

19.30 

16.33 

18.67 

14.47 

12.25 

144.64 

110.95 

93.91 

1314.94 

1006.60 

853.70 


OHIGINAC PAGE IS 
OF POOR QUALITY 


TABLE III-4. Scenario 1 (Set 1). Price Reduction Between 1982 

and 1986 Que To Manufacturing Engineering and 
Lower Poly Costs. 


Scenario 2, representing technology development until 1980, 
and manufacturing between 1984 and 1986, is defined in Fig. 

Since only two years remain between 1984 and 1986, 

Economics 


■ C 'tw. .a 


311 


III— 4 . 
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List qe mm esssamss m turn sssistao mlues 

RIBBON DATA FROM SIMULATIONS 76 77 70 FILE OPENED tU 04/75 
YEARS ARE* 1900 1904 1906 


1 RIBBONS GROUN SIMULTANEOUSLY - 1 $ 

8 RIBBON UIDTH. CN - 10.0 10.0 10.0 

3 RIBBON GROUTN RATE.M/HR - 2.54 2.54 

4 RIBBON THICKNESS . MM 0.30 0.30 0.30 

5 rlft.0 Of CfU QUALITY RIBBON, PCT - 


2.54 ..OR AS PCT 
85 85 90 


6 C i$?fji$N C fulNaCf» DOLLARS - 

7 EQUIPMENT LIFE, YEARS - 7.0 7.0 7.0 

8 INTEREST RATE, PERCENT - 10.0 10. 0 10.0 . 

9 EQUIPMENT AVAILABILITY, PERCENT - 85 85 90 

PERSONNEL PER SHIFT PER MACHINE „ 

10 11 NO. OF SUPUS - 0.05 0.05 0.05 AT 8 - 25000 25000 25000 

12 13 NO. OF ENGRS - 0.10 0.10 0.07 AT 8 • 20000 20000 20000 

14 15 NO. OF TECHN - 0.10 0.10 0.10 AT f - 10000 10000 10000 

16 POLY SILICON COST, DOLS'KG - 45 15 10 

17 POLY YIELD TO RIBBON. PERCENT * 85 85 90 

SERVICES AND SUPPLIES , . __ _ 

10 CRUCIBLE 'DIE 'PARTS COST PER DAY - 62 62 55 DOLLARS 

19 POUER COST AT - 0.05 0.05 0.05 DOLLARS PER KUH 

20 ENERGY TO OPERATE EQUIPMENT - 16 16 16 KU 

21 22 Q'U - 100 100 100 PCT OF PERS* 25 25 25 PCT OF RAU MATL COST 

23 6.680.4 ' 25 25 25 PERCENT OF DIRECT COST OVERHEAD 

24 muz BEFORE TAX. PERCENT - IS 15 15 OF DC*0'H*G»A 

26 CONVERSION EFFICIENCY. PERCENT - 12.00 12.00 12.00 

27 ENERGY DENSITY AT AMI. KU/SQ M PEAK -111 


50000 50000 45000 

7.0 7.0 7.0 

• 10.0 10.0 10.0 
PERCENT - 85 85 


25000 25000 25000 
20000 20000 20000 
10000 10000 10000 


III-4. Scenario 2 (Set 1). Technology Frozen: 1980; 
Full Production: 1984. 


ECQmiCS QE SILICQS Slim - QUE Slim EULLES 


SIMULATION NOt 
YEARS t 

76 

1900 

77 

1904 

70 

1906 

RIBBONS GROUN SIMULTANEOUSLY 

1.00 

1.00 

1.00 

RIBBON UIDTH. CM 

10.00 

10.00 

10.00 

AUG YIELDED GROUTN RTE.SQ M/HR 

0.18 

0.18 

0.21 

COMBINED YIELD FACTOR 

0.72 

0.72 

0.61 

DIRECT COST IN DOLS/SQ METER 
EQUIPMENT CAPITAL RECOVERY 
PERSONNEL 
POLY SILICON COST 
SERVICES/SUPPLIES 

6.67 

11.59 

43.54 

13.77 

6.67 

11.59 

14.51 

13.77 

5.35 

8.88 

6.63 

11.47 

SUBTOTAL « 

75.57 

46.54 

34.33 

OVERHEAD COST IN DOLS/SQ METER 
££ expenses IN DOLS/SQ meter 
PROFIT IN DOLLARS /SO METER 

19.45 

23.76 

17.82 

14.21 

15.19 

11.39 

10.63 

11.24 

8.43 

TOTAL COST IN DOLS/SQ METER 

136.39 

87.33 

64.62 

DOLLARS PER KU 

1136.26 

727.77 

538.49 


TABLE III -5. 


Scenario 2 (Set 1) . Price Reduction Between 1984 and 
1986 Due to Manufacturing Engineering and Lower Poly Cost, 


the potential for improvement is obviously smaller than in 

scenario 1, as inspection of Fig. III-4 for those two years 

reveals. Consequently, the price reduction (Table III-5) 

2 2 

only amounts to about 25 %, from $87/m to $65/m . 


Finally, in scenario 3, manufacturing technology is just 

completed in 1986, the target year. Thus no further 

opportunity exists to reduce price. The input values to 

PECAN are listed in Fig. III-5 and the corresponding output 

2 

in Table III-6. The 31% price decrease (from $72/m to 
2 

$49/m ) is solely due to the anticipated reduction in poly 
cost from $25/kg to $ 10/kg. 


LISZ QE SIMM EMMEZiM EM ZHELS ESElQttEU UELUES 
RIBBON DATA FROM SIMULATIONS FILE OPENED 11 / 04/75 
YEARS AREt 1962 1966 


RIBBONS GROW SIMULTANEOUSLY - 1 ] 

RIBBON UIDTH. CM - 10.0 10.0 

RIBBON GROUTH RATE , M/HR - 3.61 3.81 

RIBBON THICKNESS. MM 0.30 0.30 
YIELD OF CELL QUALITY RIBBON, PCT - 


. .OR AS PCT 75 75 


90 90 


6 

7 

S 

9 

10 


mifftlNACE . DOLLARS - 50000 50000 

EQUIPMENT LIFE. YEARS - 7.0 7.0 

INTEREST RATE. PERCENT - 10.0 10.0 

EQUIPMENT AVAILABILITY . PERCENT - 
PERSONNEL PER SHIFT PER MACHINE 


11 NO. OF SUPUS * 0.05 0.05 AT 8 ■ 

12 13 NO. OF ENGRS - 0.10 0.10 AT 9 ■ 

14 15 NO. OF TECHN • 0.10 0.10 AT 9 - 

16 POLY SILICON COST . DOLS/KG - 25 10 

17 POLY YIELD TO RIBBON. PERCENT - 90 90 

SERVICES AND SUPPLIES 

18 CRUCIBLE/DIE/PARTS COST PER DAY - 

19 POUER COST AT - 0.05 0.05 

20 ENERGY TO OPERATE EQUIPMENT 


90 90 

25000 25000 
20000 20000 
10000 10000 


A*** 


45 45 


DOLLARS PER KUH 
12 12 KU 


DOLLARS 


21 22 Q/H - 100 100 

23 C„6ttfi.a - 25 25 

24 eSQElZ BEFORE TAX. PERCENT - 15 15 


PCT OF PERS* 25 25 PCT OF RAU MATL COST 

PERCENT OF DIRECT COST OVERHEAD 

OF DC*0/H*G*A 


166 168 

26 CONVERSION EFFICIENCY. PERCENT - 13.00 13.00 

27 ENERGY DENSITY AT AMI. KU/SQ M PEAK - 1 1 



Fig. 1 1 1 - 5 . 


Scenario 3 (Set 1). Technology Frozen: 1982; 
Full Production: 1986. 
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iCMQMQS QE SILICQU EliiQtt - QfifE SLiSQtd EULLES 



1982 

1986 

RIBBONS GROUN SIMULTANEOUSLY 

1.00 

1.00 

RIBBON UIDTH$ Cl t 

10.00 

10.00 

AUG YIELDED grouth RTE,SQ M/HR 

0.31 

0.31 

COMBINED YIELD FACTOR 

0.81 

0.81 

DIRECT COST IN DOLS/SQ METER 
EQUIPMENT CAPITAL RECOVERY 

3.9? 

3.97 

PERSONNEL 

6.89 

6.69 

POLY SILICON COST 

21.57 

6.63 

SERVICES/SUPPLIES 

6.09 

6.09 

SUBTOTAL : 

38.53 

25.58 

OVERHEAD COST IN DOLS/SQ METER 

11.26 

6.64 

G*A EXPENSES IN DOLS/SQ METER 

12.45 

6.56 

PROFIT IN DOLLARS/SQ METER 

9.33 

6.42 

TOTAL COST IN DOLS/SQ METER 

71.57 

49.19 

DOLLARS PER KU 

550.52 

378.40 


TABLE 1 1 1 - 6 Scenario 3 (Set 1). 1986 Cost Projection. 


For ready comparison, the information for target year 1986 

is summarized in Fig. III-6 and Tables III-7 and III-8. 

Fig. III-7 presents the same information in graphical form, 

2 

and Fig. III-8 the information in $/kWE instead of $/m . 
All prices are at the level of silicon sheet material. 


314 


usi ot (inad esuaszm an zucxc imaiffl uiluis 

wru f#ow simulations is ?e ei file opened ti/04/75 

^£**5 **£» 1986 1986 1986 


3. at ..0* 4* 4C7 35 80 7S 

as so so 


1 RISDONS 680UN SINUL TRNSOUSL Y • t 1 

2 ffJMON UIDTH, CM - 10.0 10.0 10.0 

s ribbon orontn rrti,m/nr • i.ts a.s4 

4 araaoN thickness, m -« o.so o.so o.so 
s nap of ciu qurlity muon, pct - 

. Wfi«, DOLLRRS - 4S000 4S000 $0000 

? EQUIPMENT LIFE, YSRRS - 7.0 7.0 7.0 

8 INTEREST RRTt, PERCENT * 10.0 10.0 10.0 

5 EQUIPMENT RURILRBILITY, PERCENT - 8S SO SO 
PERSONNEL PER SHIFT PER MRCHINS 

io ii mo. of sum* - o.os o.os o.os 47 a - asooo asooo asooo 

12 13 NO. OF (NCOS - 0.07 0.07 0.10 RT • - 20000 20000 20000 

14 IS NO. OF TECNN • 0.10 0.10 0.10 47 • - 10000 10000 10000 

16 FOtr SILICON COST, DOLS'KG - 10 10 10 

17 P0L7 ttftP 70 RIESON, PERCENT - 81 SO 90 

SERVICES ONE SUPPLIES 

18 CRUCIBLE /DIt/PRRTS COST PER DRY - SO SS 48 OOLLRRS 

15 POMFff COS7 47 - O.OS 0.0S O.OS P0U48S PER KUH 

20 fMF*67 70 OPERRTE EQUIPMENT - 16 16 12 KN 


21 22 fl/« - 

23 c.adfi_a ■ 


100 100 100 PC 7 OF FfM* 2S 25 2S 4C 7 OF *4W «47L C0S7 

as as as percent of direct cost*ouerherd 


24 CEQELl BEFORE TRX, PERCENT - IS IS IS OF DC*OsH*C*R 


wrcrn i turn,* 

25 UORKUFEK , HOURS - 168 168 168 

26 CONVERSION EFFICIENCY, PERCENT - 

27 ENERGY DENSITY RT RHl.KUsSQ H PERK 


11.00 12.00 13.00 
1 1 1 


Fig. 1 1 1 - 6 . Summary of three scenarios (set 1) Input Parameter 
Values to PECAN (1986 Technology) 


tCQNQNlCB Ot SILICON SISSON - ONE SIBBQN EULLES 


SlUUL ELLE OEENEB 11 / 04/75 


SIMULATION NOt 

75 

78 

81 

YEARS i 

1986 

1986 

1986 


RIBBONS GROUN SIMUL TANEOUSL Y 

1.00 

1.00 

1.00 

RIBBON UIDTH , CM 

10.00 

10.00 

10.00 

AuG \IELDED GROUTH RTE,SQ tl'HR 

0.13 

0.21 

0.31 

COMBINED YIELD FACTOR 

0.72 

0.61 

0.81 

DIRECT COST IN VOiS'SQ tlETER 
EQUIPMENT CAPITAL RECOVER* 

8.57 

5.35 

3 . 9 ? 

PERSONNEL 

14.22 

6.88 

6.89 

POLY SILICON COST 

9.67 

8.63 

8.63 

SERVICES /SUPPLIES 

16.89 

11.47 

6.09 

SUBTOTAL : 

49.36 

34.33 

25.58 

OVERHEAD COST IN DQLS'SQ METER 

15.97 

10.63 

8.64 

G*A EXPENSES IN DOLS'SQ METER 

16.33 

11.24 

8.56 

PROFIT IN DOLLARS 'SQ METER 

12,25 

8.43 

S .42 

TOTAl COST IN DOLS/SQ METER 

93.91 

64.62 

49.19 

DOLLARS PER ku 

853.70 

538.49 

378 . 4 C 


TABLE III-7. 1986 Economic Outlook for Silicon Ribbon (Three 
Scenarios) . 


Economics 


r’f'j, .■ Hr * ' , *’7.77* “* -v w.*-- ., '-*** _.;r *■ 

ZCQUQOICS QE SILICQU BIBBQU * QtiE BZBBQtd BULLES 
SlttUL ElU QBEUEB il/04/75 


SIMULATION NOi 

75 

76 

81 

YEARS i 

1966 

1966 

1966 

RIBBONS GROUN SIMULTANEOUSLY 

1 .00 

1.00 

1.00 

RIBBON UIDTN, CM 

10.00 

10.00 

10.00 

MG YIELDED GROUTH RTE,SQ /I ■■HR 

0.13 

0.21 

3 ; 31 

COMBINED YIELD FACTOR 

o.?a 

0.81 

0.51 

DIRECT COST IN DOLS'SQ ME T ER 
EQUIPMENT CAPITAL RECQl ER* 
PERSONNEL 

POLY SILICON COST 
SERVICES /SUPPLIES 

9.13 

15.14 

10.30 

17.99 

5.20 

13.74 
13.35 

17.74 

S . C 6 

14.01 

17.54 

12.39 

SUBTOTAL : 

52.56 

53.12 

52.00 

OVERHEAD COST IN DOLS'SQ METER 
G« A EXPENSES IN DOLS'SQ METER 
PROFIT IN DOLLARS 'SO METER 

17.00 

17.39 

13.04 

16.44 

17.39 

13.04 

17.56 

17,39 

13.04 

T 0TAL COST IN DOLS'SQ METER 

100.00 

1010.00 

100.03 

DOLLARS PER hU 

553.70 

538.49 

3 ^ 5.40 


TABLE III-8. 1986 Economic Outlook - Percentage Analysis 



Fig. III-7. 


Sheet Material Price vs Time. 
Three Implementation Scenarios 




TIME (YEARS) 


Fig. III-8. Energy Capacity Price ($/kWE) vs Time. 

Three Implementation on Scenarios. 


ORIGINAL paG ®JJ 
of POOR QUAUTYj 


4.4 Sensitivity Analysis 


Our conservative 1986 outlook for silicon sheet technology 

is summarized in Tables III-9 and III-10. Our previous 
(3) 

work has established that technology parameters, such as 
ribbon width, growth rate, and conversion efficiency in 
addition to poly silicon price have the greatest influence 
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TABLE III-9. 


1986 Technology Outlook Based Upon 
Scenario Set 1 

( $/m 2 ) 


FREEZE 

TECHNOLOGY 

FULL-SCALE 

PRODUCTION 

1986 

PRICE 

($/m Z ) 

PERCENT 

1978 

1982 

94 

100?, 

1980 

1984 

65 

69? 

1982 

1986 

49 

52? 


TABLE III-10. 

1986 Technology 
Scenario Set 1 

Outlook 

Based Upon 


($/kWE) 



FREEZE 

TECHNOLOGY 

FULL-SCALE 

PRODUCTION 

1986 

PRICE 

($/kWE) 

PERCENT 

1978 

1982 

854 

100? 

1980 

1984 

538 

63? 

1982 

1986 

378 

44? 


on ribbon cost. Consequently, these were the items selected 
for study in the sensitivity analysis. 

The method developed for sensitivity analysis is simple, yet 
effective. It allows the analyst to test the sensitivity of 
two technology parameters (e.g. , poly cost and ribbon 
width), while holding all other model parameters constant. 






For instance, assume that we want to test the 1986 sheet 

2 2 
cost of $50/m for possible reduction to $20/m by varying 

projected poly cost and ribbon width. This is accomplished 

in the computer program by establishing a range of plausible 

parameter values. (Poly cost: $4 -2 5/kg? Ribbon Width: 

5-25 cm) . 




Specific parameter values required for each computer 
calculation are obtained by stochastically sampling between 
these limits first, and then calculating the resultant 
energy-capacity cost at the level of silicon sheet 
material . Only those parameter values that result in the 
specified sheet material cost (e.g., $50.00, + 0 . 555 ) are 
accepted as valid data points. All others are rejected. 

The model is iterated until the relationship (if one exists) 

between the input parameter and the specified output 
2 

(dollars/m ) is determined. 

Curve 1 of Fig. III-9 is a plot of conversion efficiency 
versus ribbon width for our conservative technology outlook 
(feasibility demonstrated) . Each point on the 
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CONVERSION EFFICIENCY 




CURVE 2i 
$200/ K WE 


V CURVE 1| 
V $378/ K WE! 

\ 


BASELINEI 






RIBBON WIDTH, CM 



Fig. III-9. 1986 Outlook - Conversion Efficiency vs Ribbon 
Width - $378/kWE- -$200/kWE Technology - Poly 
Cost $10/kg. 


curve (e.g., 1 355 conversion efficiency, 10 cm wide ribbon), 
in conjunction with the other technology parameter values of 
Fig. III-6, (scenario 3, set 1) results, after calculation, 
in an energy capacity cost of $378/kWE. Curve 2 is a 
similar plot for conversion efficiency vs ribbon width 
resulting in $200/kWE at the level of sheet material. As 
can be inferred from inspecting Fig. III-9, $100/kWE is not 
yet practical with technology as defined here. In figures 
III-10 and III-11, poly silicon cost and growth rate. 




respectively, are varied and plotted versus ribbon width. 

In this case, the model only accepts as valid those output 

2 

values which result in a sheet material cost of $50/m and 

o 2 2 

$30/m . In each case, $50/m is a sound value, and $30/m 
is difficult to approach. 


o 

* 

cc 

Ui 

£' 20 




$50/M 2 


CO 

8 15 


/ 


©BASELINE! 


.•+ 44 * + 

„..+**'* $30/M 2 1 




RIBBON WIDTH. CM; 


Fig. III-10. 1986 Outlook - Poly Silicon Cost vs Ribbon ’ 

$50/m 2 -$30/m 2 Technology, Growth Rate: 3.8 i 


RIBBON WIDTH, CM; 


Fig. III-ll. 1986 Outlook - Growth Rate vs 

$50/m 2 and $30/m 2 Technology 


Ribbon Width - 
Poly Cost $10/kg 






Finally, Fig. Ill- 12 shows energy capacity cost at the level 
of silicon sheet material versus ribbon width for three poly 
silicon price levels: $ 10/kg, $20/kg, and $ 30/kg. Figure 
III-12 confirms our contention that semiconductor grade poly 
silicon at $ 10/kg is a prerequisite for low-cost photo- 
voltaic products. 


03 

O 

o 
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o x% 
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III -12. 1986 Outlook - Sheet Cost vs Ribbon Width For $30/kg, 

$20/kg, $10/kg Poly Prices. 
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5.0 ECONOMIC OUTLOOK FOR $2 5/m 2 SILICON RIBBON (Scenario 
Set 2) 

The previous section of this chapter presented a business 

strategy plus an assessment of silicon ribbon technology 

based upon what we know today , and are already confident can 

2 

be achieved by 1986: $50/m . However, ribbon technology is 
still young, and the probability is good that further 
significant advances will occur, reducing prices even below 
that value. A range of possibilities is discussed within 
the framework of the second set of scenarios. 


Figure III-13 is a listing of three sets of input parameter 
values to PECAN, which envisions the following advances in 
ribbon technology beyond those presented in Fig. III-6 
(scenario 3, set 1) (simulation 81), and resulted in a sheet 
material price of $49. 19/m 2 (Table III-7): 


us r qe siasQti easaasiESs sun mas assismu mluzs 


RIBBON BATA FROM SIMULATIONS 82 83 84 FILE OPENED li/04/?5 
YEARS AREt 1986 1986 1986 


1 RIBBONS GROUN SIMULTANEOUSLY - 1 1 

2 RIBBON UIDTH. CM - 10.0 10.0 10.0 

3 RIBBON GROUTH RATE. M/NR - 4.66 6.59 

4 RIBBON THICKNESS . MM *. 0.20 0.10 0.10 

5 YIELD OF CELL QUALITY RIBBON. PCT - 


6.59 ..OR AS PCT 75 75 75 

95 95 95 


50000 50000 
7.0 7.0 

10.0 

90 90 


90 


6 RIBBON FURNACE. DOLLARS • 50000 

7 EQUIPMENT LIFE. YEARS - 7.0 

8 INTEREST RATE. PERCENT - 10.0 10.0 

9 EQUIPMENT AUAILABILITY. PERCENT 
PERSONNEL PER SHIFT PER MACHINE 

10 11 NO. OF SUPUS - 0.05 0.05 0.05 AT « 

12 13 NO. OF EN6RS - - - - 

14 15 NO. OF TECHN - 

16 POLY SILICON COST. DOLS/KG - 

17 POLY YIELD TO RIBBON. PERCENT 
SERUICES AND SUPPLIES 

18 CRUCIBLE/DIE/PARTS COST PER DAY - 45 45 45 DOLLARS 

19 POUER COST AT - 0.05 0.05 0.05 DOLLARS PER KUH 

20‘ ENERGY TO OPERATE EQUIPMENT - 12 12 12 KU 


0.10 0.10 0.10 AT $ 
0.10 0.10 0.20 AT B 
10 10 
95 95 


• 25000 25000 25000 

• 20000 20000 20000 
• 10000 10000 10000 
10 

95 


21 22 fl/« • 
23 £.6*0.8 - 


50 50 50 PCT OF PERS* IS 15 IS PCT OF RAU NATL COST 
25 25 25 PERCENT OF DIRECT COST *OUERHEAD 


24 BiQEtZ BEFORE TAX. PERCENT - 10 10 10 OF DC»0/H»G»A 


2S a $$^f*?%§U*S - 168 168 168 

26 CONUERSION EFFICIENCY. PERCENT • 13.00 13.00 13.00 

27 ENERGY DENSITY AT AMI. KU/SQ M PEAK - 111 


3/>4 Fig. 1 1 1 - 1 3 . Input Parameter Values to PECAN - Optimistic Outlook 

(1986 Technology). 


> .-ay i 


Situation 


Simulation No 




82 

83 

84 

1. 

The growth of 2 ribbons from 1 
crucible becomes possible 





(third case) . . . 

1 

1 

2 

2. 

...requiring one operator to 
run (no. of machines) 

10 

10 

5 

3. 

Thinner ribbons are becomming 
practical. . . (mm) 

0.2 

0.1 

0.1 

4. 

....resulting in faster actual 
growth. . „ (m/hr. ) 

4.66 

6.59 

6.59 

5. 

Combined yield of "cell quality” and 
poly yield to ribbon improves to... (55) 

90 

90 

90 

6. 

Asstime a "leaner" type of business 
firm, capable of operation with an 
overhead of (55) 

50 , 

50 

50 


of personnel cost and (55) 

of raw material cost. 

15 

15 

15 

The 

result of executing PECAN is listed in Table 

H 

H 

H 

1 

• 

It 



demonstrates that with additional advances in technology, 

n 2 

1986 ribbon prices ranging from $30/m^ to $13/m can be 
foreseen. Thus our confidence in $25/m ribbon prevails. 


ECQ0Q01CS QE SILICQO &IBBQU - QOS SISBQO EULLEE 


SEOUL EILE UeEOEQ 11 / 04/75 


SIMULATION NOl 

02 

03 

64 


YEARS'- 

1906 

1906 

1906 

ORIGINAL PAGE IS 
OF POOR QUALITY 

RIBBONS GROUN SIMUL TANE0USL Y 

1.00 

1.00 

2.00 


RIBBON UIDTH, CM 

10.00 

10.00 

10.00 


MG yielded grouth rte.so m/hr 

0.40 

0.56 

1.13 


COMBINED YIELD FACTOR 

0.90 

0.90 

0.90 


DIRECT COST IN DOLS/SQ METER 
EQUIPMENT CAPITAL RECOVERY 
PERSONNEL 

POLY SILICON COST 
SERVICES /SUPPLIES 

3.0? 

S.33 

3.16 

4.71 

2.1? 

3.7? 

2.58 

3.33 

1.08 

2.33 

2.58 

1.67 


SUBTOTAL t 

18. ao 

11.83 

7.66 


OVERHEAD COST IN DOLS/SO METER 
G*A EXPENSES IN DOLS/SQ METER 
PROFIT IN D0LLARS/S0 METER 

3.36 

3.41 

2.71 

2.23 

3.52 

1.76 

1.51 

2.29 

1.15 


TOTAL COST IN DOLS/SQ METER 

29.76 

19.3? 

12.62 


DOLLARS PER XU 

228.89 

149.01 

97.04 



TABLE III-ll. 


1986 Economic Outlook 
Advances . 


With Unscheduled Major Technology 
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6.0 CONCLUSIONS 


o Based upon recent significant achievements (e.g., 10 cm 
wide ribbon; > 11% efficient cell), we believe that 
$50/m^ silicon sheet can be obtained with CAST 
technology by 1986 without further scientific 
breakthrough . 

2 

o $25/m silicon ribbon by 1986 still requires 

significant technology advances. A set of technology 

requirements has been defined, which results in ribbon 

2 ? 

prices ranging from $13/m to $3 0/m . 

o Since our ribbon geometry objectives (10 cm wide, 
0.3 mm thick) have been achieved, short-range tech- 
nology development will focus on improving material 
quality (long-range objective: 13% cell efficiency) and 
increasing growth rate (objective: 3.8 m/hr.) 


o 

Semiconductor 

grade 

poly 

silicon 

must by 1986 be 


available at 

$ 10/kg 

for 

low-cost 

photovoltaics to 


become reality. 
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